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FOREWORD

This report documents the results of the Booster Propulsion/Vehicle Impact Study
conducted by the Space Systems Preliminary Design Group of Boeing Aerospace from
September 1, 1987 through March 31, 1988. This study was conducted for the George C.
Marshall Space Flight Center of the National Aeronautics and Space Administration
under the technical direction of Fred Braam.

The_ Boeing Aerospace Program manager was Vincent Weldon aﬁd key Boeing
technical contributions were made by Dwight Phillips (principal investigator), Lawrence
Fink (system modeling), Eric Wetzel (vehicle design), Michael Dunn (propulsion analysis),
Jared Smith (configuration layout), and Gary Sanders (configuration layout). A
subcontract to Boeing for purposes of subcooled propane infrastructure and variable
mixture ratio LOX/LH2 engine assessments was conducted by William Knuth and John

Beverage of the Aerotherm Division of Acurex Corporation.

ii



TABLE OF CONTENTS

Page
FOREWORD ..‘.l.O..Q.l....’...‘....0..'...00.‘0...0...00 ii

1.0 INTRODUCTION L R B 2 A A I B I RN B N B IR I I B N SN I I R I S Y 1
1. 1 Background ® 9 0 0.0 00 0 0P 0O SO OGS L L OGP OGO P LGOS SEOLELIOELONE
1.3 StUdY ObjectiVES/Scope L A B IR B I S S Y B SR S I Y I RS R I Y 2

2.0 STUDY ANALYSES et ivetiecueessrsscoescsasacesencocanocsns
2.1 Vehicle AnalysiS «oceeeernrnsersososcososcencneonsconns
2.1.1 Computer Program . ...eoeceosesessosccconccnensenosoes
2.2 Subcooled Propane SUDCONIract «.eeeeeeeooccecsosoosesonss 14
2.3 Variable Mixture Ratio LOX/LHg Parametric Engine

Data Subeontract «...eeseeetssarsscscoccceceonesenonnss 14
2.4 Computer Model Equations and Assumptions .......ceveeeacens 14
2.4.1 Engine Performance and Weights ...ccoeeeeecencocenonns 14
" 2.4.2 Baseline SSME ENZINES  « v v vvevennernnerocnsonnsennens 17
2.4.3 LOX/LH2 High Mixture Ratio Engines ......coeeveeencens 17
2.4.4 Hydrocarbon Engines «..cveeevecacencececccssocnansnns 18
2.4.5 Propellant Tanks .....cccvtiieenoernccsancosscoccanoncs 22
2.4.6 Flyback System . ...icttiieiitiereeeeoccnsnsoenncsas 22
2.4.7 Weight Assumptions .......cciietiennrerececncosonns 23
2.4.8 Flight Performance ......ccceeivocenccosccncacs 24

3.0 STUDY TASKS U 2§
3.1 Task 1: PERFORMANCEIMPACTS ...t veveeceococscencans 25
3.1.1 Two-Stage VehicleS . ..eeeerecvrsceensoesonononconses 28
3.1.1.1 Baseline Vehicle (Configuration 2.A) ....ceveecceensens 36
3.1.1.2 H2/H2 (Configuration 2.B) ....eceeecoeoccosososones 39
3.1.1.3 RP-1/H2 (Pc = 4000 psia) Configuration 2.C) ....ccceve.. 44
3.1.1.4 RP-1/Hg (Pe = 2500 psia) (Configuration 2.D) ....cocvoeu.. 47
3.1.1.5 RP-1/RP-1 (Configuration 2.E) «..eveeeesnsrrevaoonas 52
3.1.1.6 RP-1/RP-1 Far-Term Performance (Configuration 2.f) ..... 56
3.1.1.7 Methane/H2 (Configuration 2.G) «eceeeeeevececccoaess 60

[Y3

iii



TABLE OF CONTENTS (continued)

3.1.1.8 Methane/Methane (Configuration 2.H) .....c0vveescncns
3.1.1.9 NBP Propane/H2 (Configuration 2.I) ....cceveeenconens
3.1.1.10 NBP Propane/NBP Propane (Configuration 2.d) ...scc0..
3.1.1.11 Subcooled Propane/Hg (Configuration 2.K) «..cceveeeaces
3.1.1.12 SC Propane/SC Propane (Configuration 2.L) ...vveveeeen
3.1.1.13 SC Propane/SC Propane Far-Term Performance

(Configuration 2.M) .....cco00ceteesccssecosconses
3.1.1.14 Sensitivity Studies . ...iieacectccrrtsr st cvonanan
3.1.1.14.1 Expansion Ratio Change Sensitivities ...cccveveeaenn
3.1.1.14.1.1 LOX/HYdrogen ....eeesoeecccsssccssscssnnans
3.1.1.14,1.2 LOX/RP-1 (Hydrogen-Cooled) ...ceevceeicnooncne
3.1.1.14.1.3 LOX/Methane (Hydrogen-Cooled) ......cc0ceecee
3.1.1.14.2 Chamber Pressure Sensitivities .......cc00c000enn
3.1.1.14.2.1 LOX/HYdrogen o...ceeeceocessoscoscccconaas
3.1.1.14.2.2 LOX/RP-1 (Hydrogen-Cooled) ...cvcevevsncenscns
3.1.1.14.2.3 LOX/Methane (Hydrogen-Cooled) .....0eo0cesnns
3.1.1.15 Two-Stage Crossfeed Evaluation ......c00eeevenans
3.1.1.16 Variable Mixture Ratio LOX/LH2 Evaluation .....cc0u...
3.1.2 Single-Stage-to-Orbit Vehicle Analysis ....ccc0veeeeeenn.
3.1.2.1 Baseline Vehicle (Configuration 1.A) ...ceceeecscernnnns
3.1.2.2 He/H9 (Configuration 1.B) . ccceeeevensonsnscaacnsss
3.1.2.3 SSTO Dry Weight Optimization .........0c0... Cr e
3.1.2.4 RP-1/Hg (Configuration 1.C) .. evvvveencocnoncaanns
3.1.2.5 Methane/H2 (Configuration 1.D) . .vveeeecocosonannses
3.1.2.6 SC Propane/H2 (Configuration 1E) ... veeeeesocsconnns
3.1.2.7 LOX/LHg Using AcurexEngineData .....co0veevvecens
3.1.2.8 Single-Stage LOX/LH2g Variable Mixture Rating Impact ....
3.1.2.9 - Single-Stage LOX/LH2 Variable Expansion Ratio Impact ....
3.1.2.10 SSTO Computer Model Comparison . ..cocoseeceoscsces
3.1.3 Summary of Related Vehicle Analysis Conducted

ONIRAD FUNding . cecveeeeeccecnsrsnonncscanossoscnas

iv

Page
64

69
72
7
80

84
88
89
89
90
90
92
92
94
94
94
99

103

106

106

112

114

114

114

114

114

115

115

115




TABLE OF CONTENTS (continued)

Page
3.2 Subcooled Propane IMpact «..eoeevvsecrcosasccccssscacnse 121
3.2.1 Propane Physical Properties ....cceeevvececccccccnanns 122
3.2.2 Subcooling PropellantS ...oeeveecroceecccassosncsocnsns 123
3.2.2.1 Subcooling Propane with LNg2 . cesessectassesresennons 130
3.2.2.1.1 Cost of Chilling the Propane eecccccocccecscccsscne 130
3.2.2.1.2 When to Chill the Propane «ccsccececcccrcccccnnss 131
3.2.2.1.3 Conditioning Onboard Propellant scsceecoctsvesssss 131
3.2.3 Storing and Handling Subcooled Propane sesescsccsssesssces 134
3.2.3.1 Storage Options s csceeveeccrsesccsoscsoasosancnnoes 134
3.2.3.2 Transfer of Propane «-cecesseesscssocccasssnnassons 135
3.2.3.2.1 Transfer Alternatives ccsecccccecccceccccocccces 135 .
3.2.3.2.2 PUMp TYpe secccoessecasosonssscscnoscnacnsas 135
3.2.3.2.3 Prechill of Transfer System and Vehicle Tank e¢sesvsose 136
3.2.3.2.4 Handling Safety esecccveeccsctrcocccsonnancnns 136
3.2.4 Ground Support Equipment System Definition secesvossecesoes 137
3.2.4.1 System Requirements ««sccoeesccsesarsoccsoasaoonss 137
3.2.4.2 System Concepts, Options, and Selections e«cceccececcs. 141
3.2.4.2.1 Baseline SyStem cececececsceacccssossnooccscses 141
3.2.4.2.2 Vehicle Fill Rate ¢ +ccevoossccsosoocscoceocoonss 145
3.2.4.2.3 Preferred System Description esecccceccctccccccnss 146
3.2.4.3 System Operations - -ccceecccccececessacnsancnnans 147
3.2.5 ROM Cost Estimate «cccecsccscsccscossacasooasnsscss 149
3.2.5.1 - GSE Procurement and Installation sseesessecossesssrnns 149
3.3 Variable Mixture RAtio Engine Study ecececcecccccotccconcnn 151
3.3.1 Technical DiSCUSSION <+ ¢ ccerscceesscscsssscssoscoscssans 151

4.0 CONCLUSIONS AND RECOMMENDATIONS sssssecssasscocsssns 168
4.1 Conclusions ® ® 8 6 0 5 0 % O O 00 O S P B S GO O P GO St P00 S8 0N 0 168
4.2 Recommendations ® 8 0 0 0 6 0 0 0 6 005 006050 60006006 0 009 600 s 00 171



TABLE OF CONTENTS (continued)

Page
APPENDIX A - Detailed Mass and Performance Data for Optimum
Configurations O I A-1

APPENDIX B - Optimized Parameter Sensitivities sccccecccccecen B-1
REFERENCES ® ® & 5 5 & 0 0 0 0 05 O % O 9 S O S S S S S S G P G 6O 8 s 0 R-l
GLOSSARY ® 6 & 6 6 © 0 0 6 0 9 0 6 O O 0 9 O B O O O SO S S B E LSS e O s O sD G-l

vi



LIST OF FIGURES

Figure No. _ Title Page
1.1.1 Partially Reusable Heavy Lift Launch

Vehicle Concept . .vvivieeveoreeoeooceocnsooosooonasns 1
2.1.1-1 BPVIS Design Synthesis Logic FIoW . ...cecvvnvreconcanns 8
2.1.1-2 Independent and Dependent Study Variables .....cccoeevoeee 9
2.1.1-3 Design ConvVerger ....cceeeescrsseossecsonoccssonsonnanss 10
2.1.1-4 Trend Study Design Synthesis ...veeeceeeneeececoscesans 13
2.4~1 Assumptions for Vehicle «.ceeeveeeserecncoscnnsoncossas 15
2.4-2 Analysis Weight Assumptions «...ceeeeeececescccccancess | 16
2.4.4-1 Specifiec Impulse Equations for Hydroearbon Engines ......0... 19
2.4.4-2 Hydrocarbon Engine Efficiency ...ccceveeeceeceeccccnnss 20
2.4.4-3 Hydrocarbon Engine Weight and Throat Area ....ceceeaceonn 21
3.1-1 Propellant Density ... veveceenececrcncncenecnnesons 27
3.1-2 Propellant Viscosity ....ceceerrnsevesnersnercconnnnas 27
3.1.1-1 Two-Stage Partially Reusable Launch

Vehicle-Typical Features ....¢.ceeeeeocecoccsoccnncess 29
3.1.1-2 Staging Velocity Impact on Two-Stage Vehicle Parameters

for Baseline Vehicle .....veeereieencennecnsnesonansns 30
3.1.1-3 Typical Booster Propulsion Thrust Strueture/Plumbing Arrangement 32
3.1.1-4 Typical P/A Module DeSign « e vvvveesereeseceecancoces 33
3.1.1-5 Two-Stage Vehicle Optimized Results ....c.vcevevsocecnes 35
3.1.1-6 Two-Stage Weight Comparisons .....ceceeeeeecescoococens 35
3.1.1-7 Far Term Technology Impact on System Weights . .c.vceeeeeees 36
3.1.1.1-1 Three-View Drawing of Configuration 2.A .....cccveeevcees 37

3.1.1.1-2 Summary of Configuration Features for
Configurationz.A ® & 6 9 0 0 & 0 & & O 9t P e B S e O 0 P e e L e S PSS N e s e 38

3.1-1-2-1 Three'VieW Dl‘aWing Of Cong‘l.ll'ation 2.B e 6 00 s 00000 s s 0000000 40

vii



Figure No.
3.1.1.2-2
3.1.1.3-1
3.1.1.3-2
3.1.1.4-1

' 3.1.1.4-2
3.1.1.5-1
3.1.1.5-2
3.1.1.6-1
3.1.1.6-2
3.1.1.7-1
3.1.1.7-2
3.1.1.8;1
3.1.1.8-2
3.1.1.9-1
3.1.1.9-2
3.1.1.10-1
3.1.1.10-2
3.1.1.11-1
3.1.1.11-2
3.1.1.12-1
3.1.1.12-2
3.1.1.13-1
3.1.1.13-2

3.1.1.14-1

LIST OF FIGURES (Continued)

Title ' Page
Summary of Configuration Features for Configuration2.B ...... 41
Three-View Drawing of Configuration 2.C ....c.evececvacns 45
Summary of Configuration Features for Configuration 2.C ..... 46
Three-View Drawing of Configuration 2.D ......cceccecoces 48
Summary of Configuration Features for Configuration 2.D ..... 49
Three-View Drawing of Configuration2.E .....cccccevecens 53
Summary of Confi_guration Features for Configuration 2.E ...... 54
Three-View Drawing of Configuration 2.F  ...ceceececvccens 57
Summary of Configuration Features for Configuration 2.F ...... 58
Three-View Drawing of Configuration 2.G ......ccccievecen 61
Summary of Configuration Features for Configuration 2.G ..... 62
Three-View Drawing of Configuration2.H ......c.cc00cecnn 65
Summary of Configuration Features for Configuration2.H ..... 66
Three-View Drawing of Configuration2.I .......c.cec0eeenn 70
Summary of Configuration Features for Configuration 2.I ...... 71
Three-View Drawing of Configuration2.J ......ccccveeeevnne 73
Summary of Configuration Features for Configuration2.J ...... 74
Three-View Drawing of Configuration 2K .....ccceeceecnss 78
Summary of Configuration Features for Configuration 2.K ..... 79
Three-View Drawing of Configuration 2.L, ......ccc0ceeenes 81
Summary of Configuration Features for Configuration 2.L ...... 82
Three-View Drawing of Configuration 2.M ........ccc0ccece 85
Summary of Configuration Features for Configuration 2.M ..... 86

Extended Nozzle Expansion Ratio Impact on Two-Stage
Booster Dry Weight  «cvceecetecencesoseconcosoncoasanns 89

viii




Figure No.

3.1.1.14-2

30101-14-3
30101.14-4

3.1.1.14-5
3.1.1.14-6
3.1.1.14-7
3.1.1.15-1
3.1.1.15-2
3.1.1.16-1

3.1.1.16-2
3.1.1.16-3
3.1.1.16-4

3.1.2-1

3.1.2.1-1
3.1.2.1-2
3.1.2.2-1
3.1.2.2-2
3.1.2.3-1
3.1.2.3-2

3.1-2-10-1

3.1.3-1

3.1.3-2

LIST OF FIGURES (Continued)
Title Page

Expansion Ratio Change Sensitivities
(LOX/LﬁzvehiCIQ) ® 8 0 000606000000 ¢ 0 6000000000000 e 90

Expansion Ratio Change Sensitivities (LOX/RP-1/Hg Vehicle) ... 91

Expansion Ratio Change Sensitivities
(LOX/Methane/H2 Vehicle) ..cceeoecevecococcoocsconcss 91

Chamber Pressure Sensitivities (LOX/LH2 Vehicle) ..cceveeeen 93
Chamber Pressure Sensitivities (LOX/RP-1/Hg Vehicle) ..oeee.. 95
Chamber Pressure Sensitivities (LOX/Methane/Hg Vehicle) ..... 96
Crossfeed System Weight . ...vcveeveesetcresnsceocnncss 97
Effect of Crossfeed on Vehicle Design v .veeeeeeeeoececcans 98

Effect of LOX/LH2 Mixture Ratio Change
on Engine Performance ......cccceveececcnnccssccocnsnsa 100

Acurex LOX/LH2 Engine Assembly ..cceeeeeiesnecnsseass 101
Acurex Booster Engine Data ....ccenvveecscscsvscncancns 102
Acurex Orbiter Engine Data ....cccvveeeroseacseccannes 102

Typical Features of a Single-Stage Fully Reusable
Launchvehicle ® ® ¢ 6 9 5 O F 0 0 0 S % S S G U O S0 e OO 0 B P e BN 104

Three-View Drawing of Configuration 1.A ........c00veeees 107
Summary of Configuration Features for.Configuration 1.A ..... 108
Three-View Drawing of Configuration1.B .......cc00e0ens 109
Summary of Configuration Features for Configuration 1.B ...... 110
Single-Stage Optimized Results ..socevveeecersvrncccannans 113
Single-Stage Weight Comparisons .......ccecoveoceccocsas 113

Boeing Normalized LOX/LHg9 SSTO Study Results Compared
to NASA Normalized Study Results .eeveeeesecnscensnonss 116

Vehicle Liftoff Weight Optimized for Maximum
DryweightFactor ® @ 9 0 8 0 8 & 0 O 0B 000 0 9P O a0 o s e 0N OB ¢ e 118

LOX/LH2 SSTO Vehicle Concept with 4M LB Glow for =~ 0.99

DryweightFactor ® 6 & & & 0 6 & & O 5 & 6 0 & 0 2 & 0 P S P s> sSSP0l e 0000 118
ix



LIST OF FIGURES (Continued)

Figure No. Title Page
3.1.3-3 LOX/LH2 + LOX/CH4/LH2 SSTO Vehicle Concept with

3.5M 1b Glow for = 0.99 Dry Weight FaCtor ....cccceoecsacs 119
3.1.3-4 Modular Adaptable LOX/LH2 Launch Vehicle Concept ........ 120
3.2-1 ROM Cost Estimate SUmmMAry ...ccceeceveeevcccccccncecs 122
3.2.1-1 Propane Properties ......ccoceceveooccecoscccrsoscnscns 124
3.2.1-2 Density of Propane Versus Temperatures ......ccoceoces000s 125
3.2.1-3 Propane Heat of Vaporization as a Function of Temperature .... 125
3.2.1-4 Heat Capacity of Solid/Liquid Propane as a

Function of Temperature ......ceecestesenccccconcascss 126
3.2.1-5 Propane Viscosity Versus Temperature .....ccceeeseeeeccses 126
3.2.1-6 Propane Vapor Versus Temperature ...cccocesoscossoosses 127
3.2.2-1 Isothermal Pressure-Composition Diagram for the

System Liquid Propane-Nitrogen .....ceccoceeseecssvscas 128
3.2.2-2 Isothermal Pressure-Composition Diagram for the S)}stem

Liquid Propane-Helium .......c000cecvecccssscsscossns 129
3.2.2-3 Isothermal Pressure-Composition Diagram for the

System LiQUid PPOpane-HYdl‘Ogen 0 0 00 60 ¢ 00 0 000 00000600000 129
3.2.2.1-1 Schematie Counterflow Tube-in-Tube Heat Exchanger ........ 130
3.2.2.1.2-1 Pros and Cons of Storing Propane Subcooled ...cccevevvcecns 132

3.2.2.1.2-2 Pros and Cons of Storing Propane Warm and Chilling
During Loading «.ccoeeerasscencsssssasassasoasnsoces 132

3.2.4.1-1 Schematic of Vehicle Configuration .... R R 138
3.2.4.1-2 Baseline Vehicle Loading Sequence ....ccceececocarsccens 139
3.2.4.1-3 Launch Abort Turnaround Scenario (Typical) ...vevvveeeeae.. 140
3.ﬁ.4.2.1-1 Subcooled Propane Chill and Transfer ....cceveevsvvosecess 141
3.2.4.2.1-2 Propane Chill and Transfer Facility Schematic .............. 143

3.2.5.1-1 Subcooled Propane Supply System Cost Estimate ............ 150



LIST OF FIGURES (Continued)

Figure No. Title Page
3.3.1-1 0O2/H2 Vacuum Specific Impulse as a Function of

Mixture Ratio and Area Ratio 152
3.3.1-2 Nozzle Exit Diameter as a Funetion of Mixture Ratio,

Area Ratio, With/Without Nozzle Skirt Insert .. cceeeceeeecenne 152
3.3.1-3 LOX/LH2 Specific Impulse Versus Nozzle Exit Diameter,

Mixture Ratio and Chamber Pressure .....ssoveecescosaceees 153
3.3.1-4 Engine Weight as a Function of Mixture Ratio and Area Ratio,

With/Without Nozzle SkirtInsert .....oceeevocennooccecns 154
3.3.1-5 Engine Weight as a Function of Mixture Ratio and Area Ratio,

With/Without Nozzle SKirt InSert ....ececcecccececonscooes 154
3.3.1-6 Variation of Major Subsystem Weights as a Function of Mixture

Ratio for 700,000 Ib Thrust LOX/LH2 Engines ....eccoveeee. 155
3.3.1-7 Weights of Thrust Chamber Components Versus Mixture

Ratio for 700,000 Thrust LOX/LH2 Engines ..ecevevecesnoes 156
3.3.1-8 Injector Assembly Diagonal Plate (Gas-G&as) «vveeeeesccecess 156
3.3.1-9 Weights of Turbo Machinery Components Versus Mixture

Ratio for 700,000 Thrust LOX/LH2 Engines ...c.eevevesvees 157
3.3.1-10 High Pressure Oxidizer Turbopump .«..soeeevesoccscnnnacs 157
3.3.1-11 4 Stage LH9 TPA With Integrated Boost PUMP .+ . cevvecnoeene 158

3.3.1-12 Typical Nozzle Skirt Insert ......ccevvovesvesonccncancs 159

3.3.1-13 Transition Altitude For 20:1 to 64:1 Area Ratio Skirts ......... 160
3.3.1-14 Transition Altitude For 20:1 to 64:1 Area Ratio Skirts ......... 161
3.3.1-15 High Mixture Ratio LOX/LH92 Engine Parameter Study ........ 162
3.3.1-16 Variable Mixture Ratio Engine Characteristics «......ccvce0en 164
3.3.1-17 Variable Mixture Ratio Engine Characteristiecs .....ccc00c0. 165

30301-18 LOX/LHZEngineASSembIY o-oaooto-'.oo.o.o.oooonocoooo 166

3.3.1-19 Pressure Pump Discharge and Turbine Inlet Versus

Chamber Pressure ....eccseceossossssssssssncsosssans 167
3.3.1-26 Turbine Inlet Gas Temperature Versus Mixture Ratio

and Chamber Pressure ......ccesesvoscoscnssosscccsans 167

xi



ORIGINAL PAGE |5
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1.0 INTRODUCTION

1.1 BACKEGROUND

The current Advanced Launch System (ALS), as well as prior Space Transportation
Aréhitecture studies (both jointly conducted by the Air Force and NASA), have
identified a similar partially reusable unmanned configuration as potentially the most
cost-effective approach for a new unmanned, heavy-lift 1aunch vehicle to commence
operations by the year 2000.

This approach uses a side-mounted, unmanned flyback booster staging at a
relatively low velocity (typically about Mach 5) in conjunction with a partially reusable

"core" element in line with a large and heavy (typically 100 to 150K-Ib) payload (fig.
1.1-1).

Figure 1.1-1 Partially Reusable Heavy Lift Launch Vehicle Concept



.

The reusable portion of this element is a propulsion/avionies (P/A) module that
NASA/MSFC has been studying since 1986. The P/A module contains three or four
Space Shuttle main engines (SSME) depending on payload weight.

The flyback booster dry weight required for this launch vehicle approach can be
quite low for several reasons. On_e reason is that little or no thermal protection and
only a limited amount of flyback capability is required because of the low staging
velocity. Other reasons for the low weight could be the use of a new engine using high-
density fuel (stored within relatively small tankage) and a relatively high chamber
pressure to allow a low vehicle base area.

Another type of launch vehicle of national interest is a manned, vertically
launched, single-stage-to-orbit (SSTO) concept. This approach is a fully reusable (via
horizontal landing) vehicle to provide low-cost access to low orbit for manned military
sortie capability (for such missions as satellite servicing) and low cost manned/cargo
access to the Space Station. Previous studies have indicated potential benefits for such
a vehicle using subcooled propane, but facility infrastructure requirements to enable the

|

use of this fuel have not yet been defined.

1.2 STUDY OBJECTIVES/SCOPE

The primary objective of this study was to determine relative vehicle dry weight
impacts due to the use of several different propellant combinations/engine types for
both the above described classes of boosters. These combinations all use liquid oxygen
as the oxidizer and ineclude liquid hydrogen, methane, kerosene (RP-1), or propane as the
fuel (or, in some cases, the fuel plus hydrogen as a separate engine coolant). These
vehicle dry weight impacts were to be determined in conjunction with variations'of
certain key engine parameters including mixture ratio, chamber pressure, and nozzle

expansion ratio. Also, potential benefits of mixture ratio variation (for LOX/LH?) .




during the booster burn, as well as possible benefits from using a two-position nozzle for
low and high dual disereet expansion ratios, were to be determined.

To constrain the data development to meet the study objectives, a two-stage,
parallel burn vehicle, capable of deploying a 150K-lb payload from the Eastern Test
Range (ETR) to a fully opeéational Space Station (220-nmi, 28.5-deg inclination circular
orbit) was assumed. A P/A module, using four SSMEs with weights extrapolated from
Boeing's recent three-engine reusable P/A module study for NASA/MSFC, was utilized
to perform the second-stage burn for each flyback booster/engine option analyzed.

For the SSTO vehicle, a payload of 10K Ib to 1060-nmi polar circular orbit was
assumed in order to provide acceptable performance capabilities in support of high-~
inclination orbit military sortie missions and also to ecover potential requirements for
low-inclination orbit manned/cargo access to the Space Station.

Additipna.l objectives of this study were to determine preliminary vehicle impacts
and facility infrastructure requirements/costs due to fhe use of subcooled propane as
the booster fuel and to develop parametrie variable mixture ratio LOX/LH2 booster

engine data.




2.0 STUDY ANALYSES

2.1 VEHICLE ANALYSIS

In order to compare the effects of different fuels and engines on a specific space
launch vehicle concept, an approach was used in which alternative optimized
configurations were developed to meet the same mission requirements. These optimized
configurations were developed by simultaneous adjustment of the vehicle's engine and
airframe variables to the demands of each other as well as to the performance
requirements of the mission. Subsequently, the optimized configurations were compared
to each other to determine the relative advantages and disadvantages of using different

engine fuels on the vehicle concept.

2.1.1 Computer Program

To accomplish vehicle design opti.mizations economically, it is necessary to avoid
the large number of design iterations required to analyze the effects of variable
interactions using traditional parametric analyses (involving plots representing the
effect of several variables on another). Boeing, therefore, under independent [R&D
accomplished from mid 1986 to mid 1987, developed a specialized analysis program
called HAVCD (Hypervelocity Aerospace Vehicle Conceptual Design), which ecombines
launch vehicle design subprograms with a modified version of a previously developed
optimization technique (ref. 1) to perform the optimization analysis with only a small
fraction of the number of design evaluations required by traditional parametric
comparison methods.

The HAVCD computer progi'am was used to conduet design optimizations and
generate trade data for this study. Having been previously developed under IR&D, this
program was already in use to examine alternative in-house vehicle concepts upon

initiation of this study. However, some modifications to this program were required to




adapt it to the specific requirements of the study.- These modifications were
accomplished under contract funding as summarized below.
HAVCD uses six specialized conceptual/preliminary design type subprograms as
follows:
a. AIREZ - aerodynamics.
b. PROP - engine geometry, weights, and performance.
e¢. TAVB - airframe and subsystem weights.
d. ELES - tankage sizing and pressurization system.
e. NTOP - trajectory performance.

f. FLYBACK - flyback system design.

AIREZ relies on a blend of simplified aerodynamiec theory and empirical
relationships which result in acceptable agreement with wind tunnel test data. The
subprogram generates a table of axial and normal aerodynamic forcg coefficients as a
function of Mach number (Mach 0.3 to 20) and angle of attack (-10 to 60 deg) based on
airframe geometry determined by TAVB.

The PROP subprogram was modified for this study to use the engine models from:

a. UTC/P&W, "Hydrocarbon Rocket Engine Study,”" contract NAS8-36355.
b. Rocketdyne, "Hydrocarbon Engine Study," contract NAS8-36357.
c. Aerojet, "Hydrocarbon Engine Study," contract NAS8-36359.

d. Aerojet, "STME Configuration Study," reference 2.

Besides computing engine specific impulse, nozzle and engine geometry and weight,
the model also computes the fuel/coolant/oxidizer split for the tanks of the vehicles
based on the output of the trajectory subprogram.

TAVB was previously developed under IR&D by the Boeing Military Airplane

Company for analysis of a specific type of vehicle. For purposes of this study, the same



basic equations were modified to accommodate both the single-stage and two-stage
vehicles deseribed above. Conceptual design equations for the expendable tankage used
in the two stage vehicle were provided by the Boeing Aerospace Weights Analysis
technical staff.

ELES (Exterided Liquid Engine Simulation) was written by Aerojet under Air Force
contract (ref. 3). Only the tankage, feedline, and pressurization system sizing and
weight models were used in this study since preference was given to the modeling of
other items in TAVB.

NTOP (New Trajectory Optimization Program) was the trajectory program used in
this analysis. The trajectory is integrated using a point mass model. A perigee altitude
of 50 nmi was chosen to be low enough for good trajectory performance yet not be so
low as to introduce unaccountable aerodynamic drag errors in the orbit eircularization
calculations. Propellant requirement for an orbit ecircularization burn with OMS
engines was calculated by a closed form solution following main engine cutoff.
Although the resulting trajectories are not optimum they are adequate to determine
accurate dry weight differences between the coricepts analyzed.

The FLYBACK system calculates the number of turbofan engines, fuel weight, and
total flyback system weight in the booster vehicle. This routine used the conditions at
staging to estimate these quantities.

Design optimization was required to enable valid comparison of the different
propulsion systems. The objective was to determine the best designed vehicle for each
propellant/engine type, and then compare these vehicles with each other in order to
avoid any misleading results which could occur if a suboptimal design for one propellant

was compared with a closer to optimal design for another.




Figure 2.1.1-1 diagrams the process used in the BPVIS study to optimize each
vehicle design. The first step was to decide which computer variables would be fixed
and which would be optimized. Certain variables like number of crew (2 for single-
stage-to-oribt (SSTO), none for two-stage vehicles), number of directional control
surfaces (2), number of SSMEs in the recoverable P/A module of the orbiter element
of the two stage vehicle (4), were held constant throughout the study.

Figure 2.1.1-2 summarizes t;'le independent and some of the d:;éh:ient variables
used in the optimization process. This process requires that study limits be defined for
each of the independent variables. A routine in HAVCD called "Design Selector” uses
the range limit of each inde_pendent variable and the method of orthogonal Latin squares
to define specific designs having independent variable values distributed in the
"design space."” The main feature of this technique is that a minimal number of designs
. have to be run on the HAVCD program.

The primary function of the HAVCD program is to converge on a design by cyeling
through the various subprograms. Figure 2.1.1-3 shows the automated process used
within HAVCD to obtain a design.

The program converges on the criteria that altitude equals 50 nmi and that the
specified amount of payload can be put into orbit. These criteria are met by varying the
duration of Phase number 1 (constant flight path angle) to achieve 50 nmi perigee
altitude, and by varying propellant weight to obtain the desired payload weight
capability. Another criteria met during the convergence process is that the variables
are "consistent." That is, aerodynamics is correct for the geometry used, the geometry
is correct for the propellant used, ete. Checks are shown on the diagram in some of the
diamond shaped vlocks for maximum percent change, of all (several hundred) variables
in HAVCD to ensure that consistency is obtained.

After the designs are evaluated using HAVCD "Design Converge) a multivariable

. regression analysis is used to fit a second order equation to the data. Each dependent
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Application
Independent Variables | Hydragen fuel | Hydrocarbon fuel Dependent Variables
2-stage | SSTO | 2-stage | SSTO
Body diameter ) Y v v v Total propellant weight
Total dry weight
Liftoff thrust/weight with one v v v v ywes
engine out (P{opclslant v;eight in each vehicle
wo-Stage
Booster engine mixture ratio v v v v J
Dry weight of each vehicie (Two-
Stage)
Number of booster engines v v v v
Gross liftoff weight
Boaster engine nozzie v v v v Length/diameter ratio of booster
expansion ratio
Baooster engine weight
Orbiter propeilant at staging - v - Baooster engine vacuum specific
impulse at liftoff
Boaster engine mixture ratio v v - - Total length
Second engine nozzle . . v - v Propellant mass fraction
expansion ratio Weight at main engine cutoff
Percent of propellant on-board v v - - - -
at mixture ratio change Staging velocity
P § m bo . _ - v Ratio of nozzle/atmospheric
a:g:::sttgr 2:’9".’:2 as:tu‘t’;ow :'d pressure at expansion ratio change
Percent of propellanton-board | — v - ‘\/ Engine rated thrust
atexpansionratio change Delivered booster thrust at liftoff

Figure 2.1.1-2 Independent and Dependent Study Variables

Note that the list of independent variables is a subset of the list of dependent
variables. This arises because a given variable (e.g., body diameter) may be held out as
an independent variable for the development of a sensitivity in which all other variables
are dependent and allowed to "float" to find their optimum value. In other cases, other

variables are chosen to be independent, and the given variable then falls back into the

ranks of floating dependent variables.
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CALCULATE:
Propulsion (PROP)
Weights (TAVB)
Aerodynamics (AIREZ)
Configuration (ELES)
[Fiyback System (FLYBACK]

Propulsion

Weights '

Flyback System Multiple calls to the
Propulsion sub-programs a. this
Waeights point speeds design
Flyback System convergence
Propulsion

Weights

No

ax delta percent change < 1%? »
Change start point
@) ([ i [] |
Calculate Psrformance
(Trajectory Terminated When Apogee = Requirement)
erigee Altitude = 50 N Mi within .2 N Mi
No
Max deita change in all variables < 52 >
, . No
ayload weight capability = L Change Propeilant >
equirement within 10 Ibs?2 Waeight_

No

Max deita change in all variables < 10

Figure 2.1.1-3  Design Converger
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variable is expressed as a function of the independent variables. To provide the best
equation for each dependent variable, the regression analysis will only include terms
considered significant to that variable. Up to 28 terms are possible with six independent
variables, 45 terms for eight variables. Regression statistics provide an indication of
how well the equation represents the actual relation between the dependent and
independent variables. Key statisties are the residuals for each case (difference
between the HAVCD value and value obtained by the equation), residual divided by
standard deviation for each case, and multiple correlation coefficient squared (R
squared) which is a single number for each variable.

The equations are optimized using the method of steepest descent. The main
feature of this optimization technique is that a minimal number of designs have to be
run on the HAVCD program, thereby allowing optimized designs to be derived quickly.
The time savings is evident when one considers that a traditional carpet plot approach
would require 65536 designs to be evaluated for eight variables (4 levels per variable
requires 4 to the 8th power number of cases). At about 20 minutes to derive a design on
a VAX 8300 computer, the time savings is substantial. Once the equations are obtained,
an optimization can be performed in under ten seconds. Any of the dependent variables
can be optimized or used as a constraint.

The drawback to this optimization method is that optimizations are performed on
equations that have a small error when compared to values obtained with the HAVCD
program at the same independent variable values. However, the error is usually less
than 5%. The equations are used to obtain very close to optimum values of the
independent variables. For the best accuracy, all dependent variable values presented in
this report are the result of substituting the independent variables back into the HAVCD
program.

Optimizations are initially performed to minimize total dry weight. For the two

stage vehieles, a constraint was applied that booster length/diameter equal about 4.5 (a
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value chosen to generally provide aerodynamic stability without canard). It was found
that the first optimization may yield a fractional number of engines, such as 5.53, or be
less than the desired number. For the two stage configuration a minimum of five
engines was chosen to ensure that booster engine thrust was not too high. For the SSTO
vehiclé, a minimum engine thrust limit of 400,000 1b (vacuum) was used. After this first
optimization, the number of engines was fixed to be a whole number and the
optimization rerun. If the first optimization yielded a value for the number of engines
between five and six, both five and six engines would be tried and the one with lowest
total dry weight selected. The independent variables- from the optimum design are next
input into HAVCD and the length/diameter ratio checked against the value used as a
constraint during optimization. The HAVCD value will be within .05 of the desired
value, but to ensure that all designs are compared on a basis as consistent as possible,
snother optimization is performed to drive the HAVCD value to a value of 4.535. If the
HAVCD value is higher than 4.535, a new optimization is performed with a slightly
lower constraint on length diameter. Similarly, if the HAVCD value is lower than 4.535,
a larger value of length/diameter is used as the constraint. After a few of these
iterations, HAVCD yield a length/diameter equal to the desired value.

A trend study was used to generate graphs to give visibility of the interactions
among the variables. As shown in figure 2.1.1-4, the process requires each variable to
be fixed at ten levels between its upper and lower study limit. An optimization was
performed at each value to yield a locus of optimum points for minimum total dry
weight with a booster length/diameter equal to 4.535. Each design obtained for the
graphs was run on the HAVCD program to enhance the accuracy of the dependent
variables (rather than using the values determined by the regression equations). ’I;he
graphs show how the dependent and other indeper_xdent variables change in response to
changes in this variable. It is important to realize that the graphs do not simply

represent the result of varying one variable with all others fixed, but are actually a
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Start Trend Study
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£

HAVCD - Optimizer

Optimize the Design |
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Value Used in Study?

No
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Study Limit and Unfix Other Variables

| HAVCD - Converger |

Derive Check Designs for all Trend Study Optimums

Optimize the Design(s)

A

Computer File v
with Plot Data,
Plot Trend Data|
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Variable Value(s)

re More Data Points
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C

Figure 2.1.1-4 Trend Study Design Synthesis
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locus of optimum designs. This method shows the true sensitivity of the design to the

variable being evaluated.

2.2 SUBCOOLED PROPANE SUBCONTRACT

A subcontract effort was accomplished by the Aerotherm Division of Acurex
Corporation to determine preliminary facility requirements/costs due to the use of
subcooled propane as a booster fuel. This analysis included assessment of alternative
concepts and comparisons with requirements dug to the use of normal boiling point

propane.

2.3 VARIABLE MIXTURE RATIO LOX/LH2 PARAMETRIC ENGINE DATA
SUBCONTRACT
Under subcontract, Acurex also supplied the subject data based on previously

accomplished in-house study results.

2.4 COMPUTER MODEL EQUATIONS AND ASSUMPTIONS
Figure 2.4-1 and 2 provide a summary of key system and propulsion assumptions.
2.4.1 Engine Performance and Weig‘h;cs
Booster engine performance and engine weights used in this study were from the
following sources:
a. SSME engine data - Liquid Propellant Engine Manual, CPIA/Ms
b. Aerojet LOX/LH2 high mixture ratio data, NAS8-36867, Space Transportation Main
Engine study, January 1987

¢. Hydrocarbon Engine data, NAS8-36357, Hydrocarbon Engine Study, September 1986
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Tankage and Feedlines -
Primary Material:
Ullage Fraction:
Line Material:

Feed System:

Aluminium/Lithium

2%

Stainless Steel

Includes lines weights, supports and service valves.

External to propellant tanks.

Double walled tank on hydrogen tank on booster and SSTO otherwise they are

monocoque tanks.

Cryogenic tanks are insulated with one inch SOFI.

All hydrogen propellant and coolant feedlines double walled.

Performance -

Trajectories are flown with one sustainer or 2nd stage engine out. Booster and

sustainer engines fire in parallel. No crossfeed.

P/A Module -

Weight, excluding propulsion, is 43208 pounds.

Re-orbit P/A module after de-orbit of tanks.

Figure 2.4-1 Assumptions for Vehicle Analysis
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Ascent Propellant - .

Propellant consumed up to main engine cutoff. Includes fuel and oxidizer

weights in both stages. Does not include coolant propellant, residuals,
reserves, or propellant vaporized for pressurization.

Total Tank Weight -
Pressurant Weight - Fuel or oxidizer propellant vaporization for tank
pressurization.

Pressurant Control Hardware Weight -
Control hardware for autogenous and/or helium pressurization.

Pressurant Weight -
Helium gas weight (RP-1 stages only)

Inert Weight -

Weight of vehicle after orbit circularization. Does not include payload weight.

Includes propellant reserves, propellant residuals, flyback fuel, propellant for

de-orbit, and in-flight, fluid losses like RCS propellant and propellants vented
from the main engines.
Dry Weight -
Does not include any fluids.
Landing Weight -
Ineludes propellant reserves.
Hydrogen Coolant Weight -
Ineludes reserves and residuals.

Equipment Weight -

Includes miscellaneous equipment like electrical, hydraulies, avionies, helium

for propellant purge, APQs, and crew related equipment.

Figure 2.4-2 Weight Assumptions
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2.4.2 Baseline SSME Engines

The SSME information used in this study is as follows:

Booster Orbiter
Expansion Ratio 35:1 77.5:1
Vacuum Isp 437.7 sec 453.5 sec
Chamber Pressure 3270 psia 3270 psia
Engine Weight 6790 lbm 7000 lbm
Throat Diameter 0.8518 ft 0.8518ft

2.4.3 LOX/LH2 High Mixture Ratio Engines

The aerojet LOX/LH2 high mixture ratio tables were used in this evaluation. The
tables limited the evaluation over a chamber pressure range of 2000 to 4000 psia, an
expansion ratio range of 30:1 to 150:1 and a mixture ratio range qf 6 to 18.

.The theoretical specific impulse of the engine used a curvefit equation. This

equation is:

(3.54 + 3.507B - 1.514B2 + .1948B3

Isp = FACxe
where A = In(expansion ration)
B = In(mixture ratio)
(-.251+.0968A-.0068A2)
FAC = e

A shift in mixture ratio is assumed to be caused by an oxidizer flowrate only. Fuel
flowrate remains constant and engine efficiency does not change. A new chamber

pressure and CSTAR is calculated as the mixture ratio changes

(10.065 + .00556C - 1.570B + .7794B2 - .149383)
CSTAR=e

17



In (chamber pressure)

where C

chamber pressure CSTAR * WDOT/(ATHROAT* go)

where WDOT = total propellant flowrate
ATHROAT = engine throat area
go = 32.174 ft/s2

2.4.4 Hydrocarbon Engines

Three contractors were involved in the Hydrocarbon engine study under contract
NAS8-36357. Two engine cooling methods were used in this study, propellant and
hydrogen. The contractors were Aerojet Tech Systems Company, Pratt and Whitney,
and Rocketdyne Division of Rockwell International Corporation. The data from the
LOX/LH2 high mixture ratio study was generated by Aerojet. It was decided that
Aerojet's data would be used for performance in the hydrocarbon s_tudy to keep a link
between'é.ll of the propellants. Pratt and Whit;ley had parametric equations that were
easy to .adapt to computer programs and these wer.e used for performance variations,
engine weights, and for throat area determination. Rocketdyne provided sufficient
information to modei the liquid hydrogen required for engine cooling.

Pratt and Whitney performance equations were corrected to the Aerojet theoretical

equations by applying an [sp correction factor (IspFACT). The theoretical Isp would

then be corrected by and engine efficiency factor (EFFFACT), also from Aerojet. The

EFFFACT would contain the factor for near-term technology up to 1995, and far-term
technology (1995 and beyond).

The equations used in this study for the hydrocarbon engines follow:
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RP-1 propellant, LH2 cooled where required

Near Term (P limit 4550 psia)

(-.2449-9.8766x10-5P¢+5.5342x10-8P2)

H2 coolant flowrate =e
ratioed to total propellant flowrate

Far Term (Pc limit 6200 psia)

(--3066-1.0936x10-5P¢+2.9226x10-8Po2)

H2 coolant flowrate =e
ratioed to total propellant flowrate.

The theoretical vacuum specifiec impulse for each engine-is found in figure 2.4.4-1.

QONF FACT A B c D S A ) S H X o ) L
2¢,2D 1.0207 $12.8 0.0 =319.88 =5.3906 0.0 0.2348 =.000633 0.0 0.0 -131.19 0.0 ~2339.47
. 27.2F 1.1111  486.6 0.0 -309.3 =6.4005 0.0 0.0 0.0 0.0 0.932 =136.16 0.029 =723.57
26 1.0309 152.2 117.0 0.0 ~15.887 0.0 0.238 ~.000667 0.0 0.0 -113.89 0.0 =-1587.88
2H  1.0719 =399.5 =-206.9 0.0 0.0  783.7 0.0 0.0 60.49 2.499 =-117.67 0.0 =1000.51
2I  1.0224 925.8 =124.7 -802.06 7.2665 0.0 0.0 0.0 0.0 2.869 =100.74 0.0 =2061.75
27  1.1006 =6320.3 =2310.6 1854.4 80.452 7066.1 0.0 0.0 0.0 2.1704 =118.11 0.0 -1145.2
2K 1.0220 923.2 =124.3 =798.75  7.2455 0.0 0.0 0.0 0.0 2.8608 -100.45 0.0 =-2055.81
2L,2M 1.0991 1068.6 =178.2 -920.79 12.589 0.0 0.0 0.0 =442.57 0.0 0.0 0.038 -1254.08
:-ncru+a'+<:/m+n'rmz+z' MR + F*EX + G ' EX + H/EX + I + EX + T ° MR/EX
+XK°MR ° EX+ L' MR/PC)

MR - mixturs ratio

EX - nozzle expansion ratio

PC - chamber prassure - psia

Figure 2.4.4~1 Specitfic In{pulse Equations for Hydrocarbon Engines

This vacuum impulse is corrected for engine efficiency, which is found in figure 2.4.4-2,

and is used in the flight performance program. Delivered specific impulse is corrected

for atmospheric pressure during engine operation.

19



CONF___FACT A B c

2¢ 1.000 .9233 7.5x10"7 -5.0x10" 1t

2D 1.000 .9233 7.5x10"7 -5.0x10" %t

2E 1.000 .9378 -3.9x107° 0

2F 1.033 .9378 -3.9x10"> 0

2G 1.000 .9602 7.714%10" 7 -4.2856x10" 10
2H 1.000 .9526 -6.286x10" 7 -2.429x%10"°
21 1.000 .9329 -7.75%x10""’ -8.928x20 1t
23 1.000 .9208 3.4499x107° -5.750x10™°
2K 1.000 .9238 -7.285x10" -7.1432x10" %1
2L 1.000 .9274 -6.4286x10°°  -1.4286x107°
2M 1.032 .9274 -6.4286x10"°  -1.4286x107°

Engine Efficiency = FACT (A + B * PC + C * PC?)

Figure 2.4.4-2
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. The weight of each engine is found in figure 2.4.4-3. If the engine is to have an
extendable nozzle the engine weight is increased by the following equation:
169+.642(.1534(Throat area)-2.019) (EXMAX-EXMIN)
where EXMAX is deployed expansion ratio

EXMIN is initial expansion ratio

Engine throat area is calculated in figure 2.4.4-3.

CONF A B c D E F G
2¢,2D 8400 1.44 -0.152 -155.7 57.5 3.0 .4822
2E, 2F 8064 1.38 -0.146 -149.4 55.2 3.0 .4853
26 8316 1.43 -0.150 -154.1 56.9 3.5 .4969
2H 7980 1.37 -0.144 -147.9 54.6 3.5 .4718
21 8484 1.45 -0.153 -157.2 58.0 3.0 .4869
. 23 8148 1.40 -0.147 -151.0 55.8 3.0 .4785
2K 8358 1.43 -0.151 -154.9 57.2 3.0 .4859
2L, 2M 8022 1.37  =0.145 -148.7 54.9 3.0 .4894
Engine Weight = A* (___TH ) 5+ (MR)T*O124BrcoEX+D*_TH _ +E+ _EX*TH
1,000,000 F 16007, 1000+P,

Engine Throat Area = G . TH/PC

TH - engine thrust - lbs

MR - mixture ratio

EX -~ expansion ratio

Pc - chamber pressure - psia

Figure 2.4.4-3 Hydrocarbon Engine Weight and Throat Area
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2.4.5 Propellant Tanks

The propellant tank weight was calculated by the Expanded Liquid Engine
Simulation (ELES). Monocoque tank design was used for all configurations except when
a liquid hydrogen tank was used on a flyback system. A suspended liquid hydrogen tank
was used on the first stage on the SSTO. Aluminum{lithium alloy was used as the
propellant tank and structure. T

Propellant tank pressure was chosen based on required pump inlet pressure and line
pressure drop. The pressure was always set above atmospheric and obtained by
autogenous except RP-1 tanks which required helium pressurizatioh. Propellant tank
pressure was not optimized in this study. total dry weight would be reduced further if
the tank pressure was optimized. Time did not permit this optimization. Propellant
tank (fuel, oxidizer, and coolant tanks)used a 2% ullage volume. All eryogenic tanks
used one inch of insulation to prevent ice build-up. .

Feed lines were routed external to the propellant tanks. The propellant lines were

stainless steel with all hydrogen lknes being double walled. A bellows was placed at the

end of each line with a flange every 10 to 12 feet. Line pressure drops we set at 5 psia.

2.4.6 Flyback System
The flyback system was used only on the first stage of the two stage vehicle. It
used Pratt and Whitney 4056 turbofan engines with go-around capability with 5% fuel

reserve. Flyback mach number was 0.5 at 2500 feet and a lift to drag ratio of 5:1.
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2.4.7 Weight Assumptions

Ascent propellant was defined as that propellant required up to main engine cut-
off. It does not include coolant propellant, residuals, reserves or propellant vaporized
for pressurization.

The total tank weights include propellant tanks, suppoit structure and insulation. It
does not include helium tanks or hydrogen coolant tanks. |

Autogenous pressurant weight is the fuel or oxidizer propellant vaporized for tank
pressurization.

The inert weight is the weight after orbit circularization. It does not include the
payload weight. It includes propellant reserves, residuals, flyback fuel, propellant used
for de-orbit and in-flight fluid losses such as RCS propellants and propellants vented
from the main engines.

Dry weight is the weight that contains no fluids.

Equipment weight includes miscellaneous equipment such as electrical, hydraulic,
avionies, helium for propellant purge, APU and crew related equipment.

The thermal protection tile weight for the reentry vehicle is calculated based on
the exposed area to reentry (normally the body and wing bottom surface) and a tile
weight similar to the space shuttle. The thermal protection system for the booster is
calculated based on its staging Mach number, and is booster staging weight x
(.01382*Mach-.0776), value.

The orbital maneuvering system (OMS) propellant is calculated on the delta-
velocity required of the OMS system and the orbital system weight. The OMS delta
veloeity is composed of eircularization, manuevers, deorbit, ete. A 1% value of the OMS
propellant is uséd for the residual OMS propellant weight and a 4% value is used for

reserves. OMS tankage, lines, hardware is estimated at 10% of the OMS propellant

weight.
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Reaction Control System (RCS) is estimated in a similar manner to OMS propellant .

except a factor is included to account for propellant expended for additional orbits,

Trapped and reserve propellant are set at 29% of the RCS propellan;c.

2.4.8 Flight Performance

It was assumed that a second stage engine was not operating throughout the flight.
To size the booster engine, it was assumed the largest of a booster or second stage

engine was not operating at liftoff. The vehicle would lift vertically for about 200

feet then piteh over in a gravity turn.
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3.0 STUDY TASKS

This study was organized into three major tasks as detailed in the following
sections. The three tasks are (1) comparative design studies of two-stage and one-stage
launch vehicles employing various fuel/coolant combinations, (2) an assessment of the
ground operations impact of using subeooled propane as the launcher fuel, and (3) an

evaluation of a full topping cycle, variable mixture ratio engine.

3.1 TASK 1: PERFORMANCE IMPACTS
The comparative vehicle studies were organized into five subtasks:
Subtask 1A. Development of a representative baseline vehicle for each of two
launcher classes:
a. Two-stage, partially reusable, 150,000 1b to low Earth orbit.
(altitude = 220 nmi circular, inclination = 28.5 deg, KSC launch)
b. One-stage, fully reusable, 10,000 1b to low Earth orbit.

(altitude = 100 nmi cireular, inclination = 90 deg, VAFB launch)

In both vehicles, the upper stage or sustainer operation mode uses LOX/LH2

propellants.

Subtask 1B. Development of reference vehicles in each of the above classes that
use LOX/hydrogen propellants for the booster component of the system, optimizing the
mixture ratio to achieve minimum vehiecle dry weight. Subsequently, develop
comparative LOX/hydrocarbon designs employing the following booster fuel candidates:
a. RP-1.

b. Methane.
¢. Propane (near boiling point:NBP).

d. Propane (subcooled:SC).
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The physical properties of these fuels are summarized in figures 3.1-1 and 3.1-2.
Hydroecarbon engine parametric data used in this study were based on the resﬁits of
Contracts NAS8-36355 (Pratt & Whitney), NAS8-36357 (Rocketdyne), NAS8-36359
(Aerojet).

Near-term performance levels (i.e., believed achievable by 1991) were used for all
designs. Two specific two stage designs (RP-1 and SC propane) were conducted using
far-term performance levels (i.e., believed achievable by 1998). The designs were
focused on boost propulsion system elements with consideration given to stage
pressurization, propellant feed duects, tankage, and fill and drain systems, and
accounting for influences on other vehicle systems as appropriate (e.g., structura).

Subtask 1C. Development of LOX/hydrocarbon vehicle designs using the same
hydrocarbon fuels as well as supplementary hydrogen as an engine coolant, with
consideration being given to the aforementioned propulsion system elements and to
propellant crossfeed from the booster to the second stage. Design impacts were
addressed in respect to the comparable fuel choice from subtask 1B.

Subtask 1D. Development of design variations of the reference vehicles based on
the use of high mixture ratio and variable mixture ratio of the LOX/hydrogen boost
propellants over the range of 6 to 18. Design impacts were addressed in respect to the
reference vehicles.

Subtask 1E. Conduect of sensitivity analyses to determine the benefit of a step
change in booster engine specific impulse during the boost phase (as might be obtained
by a translating nozzle) as applied to the two reference vehicles and the LOX/RP-1 and
LOX/methane versions (both hydrogen-cooled) of the two-stage vehicle. A similar
sensitivity analysis of the same vehicles was also conducted for variations .in booster-

engine chamber pressure.

26




DENSITY (KG/M3)

VISCOSITY (PA-SEC)

1400

1140 KG/M3
12001 @90K(NBP) *
1000}

- 800 KG/M3

800} 727 KG/M3 LOX @ 294K (STP)
@91K (SC) e RP-1

B 579 KG/M3
600}~ @ 233K (NBP)

L go KG/M3

117K (NBP

aook (NBP) PROPANE
200F 70KG/M3 .

| @20K (NBP) METHANE

0 > HDYROGEN , \ ' T
0 100 200 300 400
TEMPERATURE (K)
Figure 3.1-1. Propellant Density
10-2 7.0234 mPa-SEC
@ 91K (5Q)
1.5500 mPa-SEC
@ 90K (NBP)
103 .68779 mPa-SEC
@ 294K (STP)
.22853 mPa-SEC RP-1
@ 233K (NBP)
.10538 mPa-SEC
104f @ 117K (NBP)
PROPANE
.01435 mPa-SEC
@ 20K (NBP) METHANE

10-5 HYDROGEN . , | .

0 100 200 300 400

TEMPERATURE (K)

Figure 3.1-2. Propellant Viscosity

27



Specific vehicle configurations are detailed in the following subsections.

3.1.1 Two-Stage Vehicles

The configuration concept for the parallel burn two-stage system incorporates a
winged, flyback booster and a partially reusable "orbiter" stage. The reference payload
is 150,000 1b to Space Station, i.e., 220-nmi circular orbit at an inclination of 28.5 deg.
The payload bay envelope is 33 ft in diameter by 70 ft long, effectively doubling the
volumetrie capability of the Space Shuttle or the Titan IV. Figure 3.1.1-1 depicts the
basic two-stage configuration. The call-outs are typical for all two stage options
considered.

Typieal mission operations (fig. 3.1.1-1) are similar to familiar launch systems. The
booster is assembled with its payload, moved to a launch site at Cape Kennedy, and
fueled at the pad before liftoff. Lifting off vertically, the stack accelerates to around
Mach 5, where the booster element is empty. The winged booster separates from the
support members holding it to the adjacent orbiter and flies back to a runway near the
launch site using onboard automatic flight guidance and control. The orbiter continues
to orbit propelled by four Space Shuttle main engines (SSME). At a dynamic pressure of
5 1b/ft2 the payload shroud is jettisoned. The P/A module has a low L/D, thermally
protected shape and reenters intact. After decelerating using drag, parachutes are
deployed from the P/A module to facilitate its recovery. The P/A module, as well as
the booster, are later refurbished and then reused on the next flight.

The baseline staging velocity of around 5000 ft/s is based upon minimum weight as
well as material considerations. Figure 3.1.1-2 plots weight versus staging veloeity.
Note that in the speed regime of 4000 to 6000 ft/s the weight minimum is a shallow,
broad "bucket" function. Any staging velocity selecfed in this region would resuit in an

acceptable, low-weight booster design. However, increasing staging veloecity increases
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the aerothermal loads on the booster, requiring different structural materials and/or

more thermal protection (e.g., more dry weight for insulation). Graphite/polymide is a
material choice consistent with the time frame for this vehicle because of its

lightweight and relatively inexpensive to manufacture.
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The booster element is a winged, flyback vehicle. The propellants and the number
and size of rocket engines are varied for each of the study ct;nfigurations, hereafter
designated 2.A throﬁgh 2.M. The aft tank, which is always a LOX tank, is cylindrical
with hemielliptic domes. (This tank is located far enough forward to allow a structural
wing box to pass continuously from side to side of the vehicle.) Forward of the LOX
tank is the fuel tank; the tapered, or frustrum shape of the fuel tank follows the
external contours of the vehicle, which is tapered to increase aerodynamic efficiency
for a given booster length. In cases where an engine coolant is used that is different
from the fuel, a third, smaller tank is located forward of the fuel tank in the nose of the
booster.

The fuselage is a conventional structure: propellant tanks surrounded by a
protective shell, including some thermal protection system (TPS) large-acreage tiles.
The forebody houses the nose gear, the flyback avionics, and attach structure for one of
the attachment beams to the orbiter. The aft fuselage contains the thrust structure for
the multiple rocket engines as well as the propellant plumbing. An example of the
structural and plumbing interfaces for a seven engine configuration is shown in figure
3.1.1-3. A slanted closeout bulkhead is positioned perpendicular to the takeoff booster
thrust veetor. A constant chord body flap for pitch control and trim is attached at the
base of the closeout bulkhead. Fuselage fineness ratio, or (1/d), is the same for all
configurations; a value of 4.535 was found to be near optimum for maximizing
aerodynamic performance while minimizing wetted area (and thus drag).

The wing is a trapezoidal planform with trailing edge ailerons and flaperons.
Wing-tip mounted vertical fins with rudders provide directional stability and control.
The main landing gear is attached to the wing box near the body join, and is stowed
between the front and rear spars of the inboard wing. At the near spar/body join is the

structural attachment fittings for the attach beams to the orbiter.
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To enhance flyback performance, most importantly range, fold-down turbofan
engines are housed in the vging. Because the engine/fold-down mechanism is larger than
the wing thickness‘, a protruding fairing is located on the underside of the wing. )

Other subsystems, such as hydraulics, pneumaties, avionies, and electrical, are
conceptually the same as present technology systems in use on systems like the Space
Shuttle.

The orbiter stage consists of three elements: (1) the recoverable P/A module, (2)
the LOX/LH2 tankage, and (3) the payload bay/shroud. Only the P/A module is
recovered after flight. This module, which contains the thrust structure and plumbing
for four SSMEs, vehicle control avionies, and a parachute recovery system, is similar to
designs being studied for the ALS- by Boeing under contract to USAF Space Division. A
typical design is shown in figure 3.1.1-4. Four SSMEs are used to ensure one-engine-out

vehicle performance.
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The tankage section of the orbiter is of conventional design: both the LOX tank
(forward) and LH9 tank (aft) are cylindrical, load bearing tanks with hemielliptic ends.
The interstage structure also contains the attachment beams to the booster.

The payload is mounted on an aft and adapter attached to the tankage section. The
payload shroud is jettisoned when the altitude of the flight profile results in an
extremely low dynamie pressure.

Specifie vehicle designs will be presented in the following sections. Each discussion
will include a cornfiguration description and an optimization sensitivity analysis.

Six single-stage configurations (désignated 1.A through 1.F) and thirteen two-stage
configurations (designated 2.A through 2.M) were developed in the study. Each
configuration has a different type of engine. Initially, single-stage and two-stage
baseline vehicles, designated 1.A and 2.A respectively, using SSMEs were developed for
comparison to subsequent optimized designs. Near the conclusion of the study, it was
decided to use the optimized hydrogen fuel vehicles (1.B and 2.B) as the reference
configurations since it appeared to be more meaningful to compare the other optimized
designs with these optimized designs.

Figure 3.1.1-5 is a summary comparison of optimized (for minimum total dry
weight) configurations 2.A through 2.M. This figure shows the salient features of the

conecepts from a configuration viewpoint. Figure 3.1.1-6 éompares weight,

The orbiter dry weight, or loaded weight for that matter, does not vary greatly with
concept selection; this is expected because this stage is always LOX/LHg fueled,
powered by SSMEs, and provides most of the delta-velocity to orbit. The booster dry

weight varies more significantly, reflecting different fuel and/or coolants and variations

in vehicle size and number of engines. The baseline (2.A) SSME-powered vehicle is by
far the heaviest in terms of booster dry weight because of the large volumetric storage
requirements for LH2. The lowest dry weight is produced by the methane-fueled, LH2-

cooled concept (2.G).
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Configuration 2A 2.8 2.C 2.0 2.E 2.F 2.6 2H pX} 23 2X L ™
Fuel Hy Hy L' 3] RP-1 [T 8] re-1 CH, o, NeP Ner s¢ [13 sc
Gy CyHy CyHy CyHy ¥y
Coolant Hy Hy Hy Hy AP RP-1 Hy CH, Hy NBP Hy NBP Gy
CyMy CiHy
Mixture Ratio (3] 8.97:1 3289 3.185:1 3.15:1 .51 3.77:1 3.1t 3.09:1 1.42:1 3.42:1 3381 3443
Number of Booster 7 H H ) ] H H H s H H H H
Engines
Booster Engines 434,000 | 661400 | 656340 | 630,530 | 675400 | 35,6860 | 596.070 | 690,740 | 545,710 | 740560 | s52.940 | 766010 | 734680
Vac. Thrust (Ib)
Pc(psia) 1270 4,000 4,000 2,300 %300 1,650 4,300 3300 4,000 2,600 4,000 3300 3300
Vacuum Isp - sec m a1 326 n 284 304 347 138 s 216 330 118 128
;Jogzlc Expansion 150 $03 18 ] 450 150 15.0 r . ns 23 250 202 299
atio .
N Near-Term N N N N N ] L] N ] N N 1] ¥
F Far-Term
ag;nurorywdght 241,720 | 195610 | 167,630 | 170620 | 190500 | 187330 | 159150 | 167,130 | 163480 | 170590 | 165280 | 171980 | 166720
8{'?ittrbrywﬁght 163420 | 164,030 | 184,950 | 164,410 | 163310 | 162,610 | 163450 [ 163830 ( 163470 ! 164370 [ 163470 | 162710 | 164780
Total Dry Weight (Ib) | 405,140 | 260,630 | 331780 | 336.030 | 333810 | 345.940 | 322600 | 330.960 | 326.950 | 335460 | 320750 | 335690 | 331480
GLOW (Ib) 3,167,600 | 3,341,800 | 3.469.800 { 3,608,300 { 3,934,400 ( 3,569,300 { 3.289,100 { 3,564,200 { 1.336,700 { 3,731,900 { 3,353,700 { 3,541,100 { 3.591,600
Vstaging (U8} s0000 | 49223 | 42322 | 49727 | sayez2 | S.0750 | ava3s | 51356 | 4A253 | 42809 | as18S | 46248 | 53806
Figure 3.1.1-5 Two-Stage Vehicle Optimized Results
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The far term benefit of greater chamber pressures”and higher specific impulse for
RP-1 and propane fuel engines is shown in figure 3.1.1-7 . As shown, the benefit is ‘ .

small and probably not worth the expenditure of resources in this area.

5
SC PROPANE PROPELLANT
RP—1 PROPELLANT PROPANE COOLED
P-1CO
W RP-1C Zhs
: B L
- 3%
T _si 4 CITQTAL DRY WEIGHT
= 4 SIBOOSTER DRY WEIGHT
= Xy EZZGROSS LIFTOFF WEIGHT
<] X4 EXIPROPELLANT WEIGHT
i @,
=z =10+ K
s (Referenced to Near Term Two Stage Vehicle)

Figure 3.1.1-7. Far -Term Technology Impact on System Weights

3.1.1.1 Baseline Vehicle (Configuration 2.A)
Configuration Description. Figure 3.1.1.1-1 is a three-view drawing of
configuration 2.A. A summary of the configuration features is shown in figure 3.1.1.1-2.

Detailed performance and weight numbers are tabulated in the appendix on A-2 through

A-5.

Note: This report locates the tabulated results in Appendix A and the computer
optimized curves are shown in Appendix B. These tables and figures are
separated from the text for clarity.

Optimization Sensitivities. Because this vehicle was configured only to establish a

point-design solution to the performance requirement, detailed optimization was

reserved for the design of the reference vehicle described in section 3.1.1.2.
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Vehicle Features

o Weights e Engines
Dry Weight (Ib) = 241,720 Type= LH0,
Propellant Weight (Ib) = 1,035,000 Number = 7
-LO2(Ib) = 887,450 Thrust (vacuum, each) (Ib) = 494,400
-LH2(lb) = 147,910 MR = 6.00
inert Weight (Ib) = 227,620 Pc (psia) » 3,270
) - 0.783 o = 437
[ 35
e B
°d; as3 dpowerhesd (i) = 100
o ) D nozate (in) = 60.5
D(ft) = 33.0 |e Fins
Stoay flap (ft)) = 264 Spqft2) (ea) = 167
e Wing :R = ;'39
Spep (1)) = 3,832 - 35
= 2.06 vc = 1%
1= 0.11 Srudder (ft?) (ea) = 50.0
te = 11%
Staperons (Ft2) = 766 | *® . Flyback Engines 4
Orbiter:
® Weights ® P/A Module (4 SSMEs)
Dry Weight (ib) = 163,420 Weight (Ib) = 122,000
Propeilant Weight (Ib) = 1,505,000 Circularization OMS
-LO,(lb) = 1,289,700 Propellant (Ib) = 9,470
-LH(LB) = 214,950 Total OMS
Inert Weight (Ib) = 190,510 Propellant(ib) = 18,600
A= 0.888
GLOW (Ib) = 3,167,600
Vitaging (fUs) = 5,000
PAL to Space Station (lb) = 150.000

Figure 3.1.1.1-2.  Summary of Configuration Features for Configuration 2.A
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3.1.1.2 Hg/Hg (Configuration 2.B)

Configuration Description. Figure 3.1.1.2-1 is a three-view drawing of configura-
tion 2.B. Note the larger LOX tank as compared to the baseline because of the higher
mixture ratio. A summary of configuration features for the optimized vehicle is shown
in figure 3.1.1.2-2. Detailed performance and weight numbers are tabulated in the
Appendix A-6 through A-9.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows (Appendix B-2 through B-25):

a. Body diameter (booster): 29 to 33 ft
b. Engine-out liftoff acceleration: 1.1 to 1.3g
c. Mixtufe ratio (booster): 6 to 12

d. Orbiter propellant ﬁt staging: 34 to 44%
e. Number of engines (booster): 4to8

f. Expansion ratio (booster): 30 to 50

Detailed sensitivity analyses are presented in the appendix. These figures represent
a locus of optimized designs. All independent variables were allowed to change (to
optimize on minimum total dry weight) as the variable plotted on the abcisa was varied.
For example, in appendix B-2 through B-5, as diameter was varied, other independent
variables (number c;f engines, mixture ratio, liftoff acceleration) changed to.achieve the
minimum total dry weight design. This results in a different sensitivity than if all the
other variables were fixed and the one parameter were varied, but is more
representative to illustrate the time sensitivity of vehicle design to changes in a design
variable. The design presented for a particular configuration, such as shown in figures
3.1.1.2-1 through 3.1.1.2-2 may not correlate to the designs shown in the sensitivity

study due to a number of reasons:
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Configuration: 2.B

Booster:
Weights: Engines:
Dry Weight (Ib) = 197,470 Type: LH2/L02
Propellant Weight (Ib) = 1,074,000 Number = 5
-L02(lb) = 966,380 Thrust (vacuum, each) (Ib) = 671,110
-LH2(lb) = 107,690 MR: 8.97
Inert Weight (Ib) = 227,380 Pc (psia) = 4,000
A= 0.819 Isp = 416
£ = 50.3
dpowerhe_ad (in) = 108.0
Body: ..é_ = 4.53 D nozzle (in) = 74.0
D(ft) = 30.5 | |Fins: S (ft2)(ea) = 144
Shody flap (ft2)= 244 AR = 1.39
' A= 0.55
Wing: Sref (ft2) = 3,132 te = 11%
9: Sret (ft7) 506 Srudder (ft2) (ea) = 43.3
AR
A= 0.11 :
te = 11%
Sflaperons (ft2) = 626 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 164,380 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,601,000 Circularization OMS
-LO2(ib) = 1,372,000 Propellant (Ib) = 9,470
-LH2(LB) = 228,670 Total OMS
Inert Weight (Ib) = 192,050 Propellant (Ib) = 18,600
) = 0.893
GLOW (Ib) = 3,253,700
Vstaging (ft/s) = 4,524
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.2-2. Summary of Configuration Features for Configuration 2.B
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a. Design shown in the sensitivity study may have the number of engines less than 5 (a
constraint applied to the selected design to limit the booster engine thrust).

b. The sensitivity study designs may use a fractional number of engines.

c. The sensitivity study designs were constructed for a booster length/diameter (L/D)
ratio constraint that it should equal 4.535. Due to the approximate nature of the
optimization technique, the actual L/D, which results from input of the independent
variables in the HAVCD Design Converger, will may be different from 4.535 by as
much as 2%. For the final designs, the optimization was rerun on the ecomputer
with a constraint on L/D higher or lower than the desired value so that the value

calculated by the HAVCD Design Converger will equal 4.535.

Consequently, the sensitivity study curves should only be used for sensitivity
analysis rather than used to select design variable values.

Body Diameter. Total dry weight is a classic "bucket" funection, minimizing within
the range of 30 to 31 ft diameter. Other sensitivities tend to be monotonie or bucket,
with several exceptions. A minor breakpoint occurs at 29.9 ft, associated with reaching
the lower limit on nuimber of engines and breaking free from the upper limit on orbiter

propellant at staging. Orbiter propellant at staging is relatively insensitive. Nozzle

expansion ratio optimized at the upper limit (50:1) over the range of variation. (Appendix

B-2 through B-5).

Engine-out Liftoff Acceleration, Total dry weight minimizes at about 1.19g.

A m;jor breakpoint occurs at 1.235g, associated with breaking free from the lower limit
on number of booster engines. This results in trend reversals in engine thrust level.
Landing weight, throttle setting, and body diameter are relatively insensitive. Orbiter

propellant at staging optimized at its upper limit (44%) and nozzle expansion ratio at its

upper limit (50:1) over the range of variation (Appendix B-6 thrdugh B-9).
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Mixture Ratio. Total dry weight minimizes at a mixture ratio of about 8.8, but is
relatively insensitive over the range of variation. Two breakpoint conditions exist: one
at 9.4 and one at 11.3. The former is associated with breaking free from the upper limit
on orbiter propellant at staging. The latter is associated with breaking free from the
lower l_imit on number of booster engines and breaking free from the upper limit on
nozzle expansion ratio. Throttle setting is relatively insensitive over the range of
variation (Appendix B-10 through B-13).

Orbiter Propellant at Staging. Total dry weight minimizes between 41% and 42%,
but is relatively insensitive over the range of variation. Other sensitivities tend to be
monotonic or bucket. The nozzle expansion ratio optimized at its lower limit (30:1) over
the range of variation (Appendix B-14 through B-17).

Number of Booster Engines. Total dry weight minimizes at four engines, and is
moderately sensitive over the range of variation. Propellant mass fraction and initial
throttle setting are relatively insénsitive, however. Nozzle expansion ratio optimized at
its lower limit (30:1) over the range of variation (Appendix B-18 through B-21).

Expansion Ratio. Total dry weight minimizes at an expansion ratio of 50:1, but is
relatively insensitive over the range of variation. A breakpoint occurs at an expansion
ratio of 48:1, associated with the beginning of an abrupt transition to the lower limit on
number of booster engines. Throttle setting is relatively insensitive over the range of
variation, between 41% and 42%, but is relatively insensitive over the range of
variation. Other sensitivities tend to be monotonic or bucket. The nozzle expansion
ratio optimized at its lower limit (30:1) over the range of variation (Appendix B-22

through B-25).
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3.1.1.3 RP-1/Hg (P, = 4000 psia) (Configuration 2.C)

Configuration Description. Figure 3.1.1.3-1 is a three-view drawing of configura-
tion 2.C. A summary of configuration features is shown in figure 3.1.1.3-2. Detailed
performance and weight numbers are tabulated in the Appendix A-10 through A-13.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. DBody diameter (booster): 28 to 32 ft
b. Minimum liftoff acceleration: 1.1 to l.4g
¢. Mixture ratio (booster): 2.5 to 4.0
d. Percent propelliant at st-ag'ing-. 30 to 40

e. Number of engines (booster): Jto8

f. Expansion ratio (booster): 15 to 40

(Mixture fatio is defined for LOX/hydrocarbon propellant only. LH2 coolant is.

apportioned as a percentage of the main propellant mass flow). Detailed sensitivity
analyses are presented in the appendix B-26 through B-49 and are discussed below.-

Body Diameter. Total dry weight is a classic "bucket" funetion, minimizing within
the range of 29 to 30-ft diameter. Minimization of total dry weight coincides with the
maximization of gross liftoff weight. Staging velocity optimized at approximately
4232 ft/s for all body diameters (Appendix B-26 through B-29).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1l.1g, with only
moderate sensitivity over the range of variation. A minor breakpoint occurs at 1.151g,
when the maximum limit is reached for orbiter propellant at staging. Staging velocity is
optimized at approximately 4232 ft/s for all accelerations (Appendix B-30 through

B-33).
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Configuration: 2.C

Booster:
Weights: Engines:
Dry Weight (lb) = 167,630 Type: RP-1/LH2
Propellant Weight (Ib) = 1,346,280 Number = 5
-LOz2(Ib) = 1,030,000 Thrust (vacuum, each) (Ib) = 656,340
- Methane (Ib) = 299,220 MR: 3.44
-LHz2(Ib) = 17,060 Pc(psia) = 4,000
Inert Weight (Ib) = 195,350 lsp = 326
A= 0.870 €= 28.82
dpowerhead (in) = 98
Body: _é. = 4.53 D nozzle(in) = 53.9
D(ft) = 29.4 | |Fins:  Sr(ft2)(ea)= 129
Sbody flap (ft2) = 235 AR = 1.39
- g A= 0.55
Wing: Sref (ft2)= 2,663 Ye = 1%
J Aef(g ) 2.06 Srudder (ft2) (ea) = 38.8
A= 0.11 "
tc = 1%
Stlaperons (ft2) = 533 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (lb) = 164,150 Weight (lb) = 122,000
Propellant Weight (Ib) = 1,577,100 Circularization OMS
-LO2(Ib) = 1,351,800 Propellant (Ib) = 9,470
-LH2 (LB) = 225,300 Total OMS
inert Weight (Ib) = 195,350 Propellant (Ib) = 18,600
As : 0.890
GLOW (Ib) = 3,469,800
Vstaging (ft/s) = 4,263
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.3-2. Summary of Configuration Features for Configuration 2.C
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Mixture Ratio. Total dry weight minimizes at a mixture ratio of 3.2 to 3.3, but is
relatively insensitive over, the range of variation. A minor breakpoint oeccurs at
approximately 2.7; when the orbiter propellant at staging decreases from its maximum
limit. Staging veloecity optimizes at appz_’oximately 4232 ft/s and the 'engine—out liftoff
acceleration is optimized at its lower limit (1.1g) for all mixture rafios (Appendix B-34
through B-37).

Orbiter Propellant at Staging. Total dry weight minimizes at 38%, but is relatively
insensitive éver the range of variation. Staging velocity is optimized at approximately
4232 ft/s and the engine-out liftoff acceleration is optimized at its lower limit (1.1g)
over the range of variation (Appendix B-38 through B-41).

Number of Booster Engines. Total dry weight minimizes at four engines, but is
relatively insensitive over the range of three to five engines. A major breakpoint occurs
at seven engines, where the engine-out liftoff acceleration increases from its lower
limit (1.1g). This results in trend reversals for gross liftoff weight, body diameter, LH2
coolant weight, throttle setting, orbiter propellant at staging, and nominal liftoff
acceleration. Staging velocity optimized at approximately 4232 ft/s over the range of
variation (Appendix B-42 through B-45).

Expansion Ratio. Total dry weight minimizes near an expansion ratio of 25:1 but is
relatively insensitive over the range from 20:1 to 30:1. Other sensitivities are minor:
Propellant mixture ratio is optimized at approximately 3.25, staging veloecity is
optimized at approximately 4232 ft/s, and engine-out liftoff acceleration is optimized

at its lower limit (1.1g) over the range of variation (Appendix B-46 through B-49).

3.1.1.4 RP-1/Hg (P = 2500 psia) (Configuration 2.D)
Configuration Description. Figure 3.1.1.4-1 is a three-view drawing of configura-
tion 2.D. A summary of configuration features is shown in figure 3.1.1.4-2. Detailed

performance and weight numbers are tabulated in the appendix A-14 through A-17.
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Configuration: 2.D

Booster:
Weights: Engines:
Dry Weight (Ib) = 171,620 Type: RP-1/LH2
Propellant Weight (Ib) = 1,455,000 Number = 5
-LO2(lb) = 1,104,200 Thrust (vacuum, each) (Ib) = 690,530
-RP-1(lb) = 338,020 MR: 3.27
-LHz2(lb) = 12,520 Pc(psia) = 2,500
Inert Weight (lb) = 200,130 lsp = 311
A= 0.874 €= 14.85
dpowerhe.ad (in) = 125.0
- |Body: _é- = 4.53 D nozzle (in) = 50.4
D(ft) = 29.3 | Fins:  Sg(ft2)(ea)= 131
Sbody flap (ft2)= 234 AR = 1.39
. A= 0.55
Wing: Sref (ft2) = 2.725 Ve = 11%
g A'{ f(= ) 2.06 Srudder (ft2) (ea) = 39.4
A= 0.1
te = 1%
Sflaperons (ft2) = 545 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 164,410 Weight (ib) = 122,000
Propellant Weight (ib) = 1,603,000 Circularization OMS
-L02(lb) = 1,373,900 Propellant (Ib) = 9,470
*LH2(LB) = 228,980 Total OMS
Inert Weight (Ib) = 192,080 Propellant (Ib) = 18,600
A= 0.893 .
GLOW (Ib) = 3,609,300
Vstaging (ft/s) = 4,173
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.4-2. Summary of Configuration Features for Configuration 2.C
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Optimization Sensitivities. The optimization constraints on the selected
independent variables are identical to those given in section 3.1.1.3. Detailed
sensitivity analyses are presented in the appendix B-50 through B-73 and are discussed

below.

Body Diameter. Total dry weight is a classie "bucket" function, minimizing within |

the range of 29 to 30-ft diameter, much as the previous vehicle configuration. Many
sensitivities have dramatic discontinuities and trend reversals associated with the
following breakpoints (Appendix B-50 through B-53):

a. 28.9 ft: maximum limit, orbiter propellant at staging.

b. 29.3 ft: minimum limit, engine-out liftoff acceleration.

e. 29.9 ft: rhinimum limit, expansion ratio.

d. 30.7-31.0 ft: minimum limit, number of booster engines.

Engine-out Liftoff Acceleration. Totdl dry weight minimizes at 1l.1g, with only
moderate sensitivity over the range of variation. A minor breakpoint occurs at
approximately 1.23g, when the maximum limit is reached for percent of orbiter
propellant at staging. Nozzle expansion ratio is optimized at its lower limit (15:1) for
the range of variation (Appendix B-54 through B-57).

Mixture Ratio. Total dry weight minimizes at a mixture ratio of 3.2, but is
relatively insensitive over the range of variation. A minor breakpoint occurs for the
range 3.7 to 3.8, when nozzle expansion ratio increases from its lower limit. Engine-out
liftoff acceleration optimized at its lower limit (1.1g) for the range of variation
(Appendix B-58 through B-61).

Orbiter Propellant at Staging. Total dry weight minimizes at 39 to 40%, but is
relatively insensitive over the range of variation. Other sensitivities are either

monotonic or bucket in form. Engine-out liftoff acceleration optimized at its lower
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limit (1.1g) and nozzle expansion ratio optimized at its lower limit (15:1) over the range
of variation (Appendix B-62 through B-65).

Number of Booster Engines. Total dry weight minimizes at three engines, but is
relatively insensitive over the range of three to six engines. Major breakpoints occur
near 5.9 to 6.3 and 7.0, where engine-out liftoff acceleration increases from its lower
limit and nozzle expansion ratio increases from its lower limit, respectively (Appendix
B-68 through B-69).

Expansion Ratio. Total dry weight minimizes near an expansion ratio of 17:1, but is
relatively insensitive over the range from 15:1 to 35:1. Other sensitivities are minor.
Engine-out liftoff acceleration is optimized at its lower limit (1.1g) over the range of

variation (Appendix B-70 through B-73).
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3.1.1.5 RP-1/RP-1 (Configuration 2.E)

Configuration Description. Figure 3.1.1.5-1 is a three-view drawing of configura-
tion 2.E. A summary of configuration features is shown in figure 3.1.1.5-2. Detailed
performance and weight numbers are tabulated in the appendix A-18 through A-21.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 26 to 30 ft
b. Engine-out liftoff accelez@tion: 1.1 to 1.3g
e. Mixture ratio (booster): 2.5 to 4.0
d. Orbiter propellant at staging: 27 to 35

e. Number of booster engines: 4to8

f. Expansion ratio: 15 to 40

Detailed sensitivity analyses are presented in the appendix B-74 through B-97 and
are discussed below.

Body Diameter. Total dry weight is a elassic "bucket” function, minimizing within
the range of 26.5 to 27.0-ft diameter. The major breakpoints occur at 26.9, 27.35, and
27.75 ft. The first is difficult to explain. The second is associated with reaching the
higher limit on number of booster engines. The third is associated with reaching the
minimum limit on engine-out liftoff acceleration. Nozzle éxpansion ratio is optimized
at its lower limit (15:1) over the range of variation (Appendix B-74 through B-77).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.15g with only
moderate sensitivity over the range of variation. A major break in most of the
sensitivity curves occurs between 1.125 and 1.165¢g, aﬁsociated with a rapid decrease. in
t_he number of engines (from six to three) and limiting at four engines. Propellant

mixture ratio and vehicle body diameter are relatively insensitive, and nozzle expansion
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Configuration: 2.E

Booster:
Weights: : Engines:
Dry Weight (Ib} = 191,000 Type: RP-1/RP-1
Propellant Weight (Ib) = 1,865,000 Number = 6
-LO2(Ib) = 1,415,000 Thrust (vacuum, each) (Ib) = 620,000
-RP-1(lb) = 449,000 MR: 3.15
Inert Weight (Ib) = 199,000 Pc (psia) = 1,300
A= 0.888 |sp = 294
€= . 15.00
dpowerhead (in) = 120.0
Body: £ = 4.53 D nozzle (in) = 69.4
D(ft) = 27.2 | |Fins:  Sg(ft2)(ea) = 141
Shady flap (ft2) = 218 AR = 1.39
A= 0.55
Wing: Sref (ft2) = 3,023 Ve = 11%
% St U0 5.06 Srudder (ft2) (ea) = 42.23
A= 0.1
tc = 1%
Sflaperons (ft2) = 605 | |[Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 163,000 Weight(lb) = 122,000
Propeilant Weight (Ib) = 1,493,000 Circularization OMS
-L02(Ib) = 1,280,000 Propellant (Ib) = 9,470
-LH2(LB) = 213,000 Total OMS
Inert Weight (Ib) = 190,000 Propellant (Ib) = 18,600
N = 0.887
GLOW (Ib) = 3,934,000
Vstaging (ft/s) = 5,278
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.5-2. Summary of Configuration Features for Configuration 2.
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ratio optimized at its lower limit (15:1) over the range of variation (Appendix B-78
through B-81).

Mixture Ratio. Total dry weight minimizes at a mixture ratio of 3.0, but is only
moderately sensitive over the range of variation. Two breakpoints are evident: a minor
one at 2.83 and a major one at 3.16. The minor one is associated with breaking free of
the lower limit on number of bt?oster engines. The major one is difficult to explain.
Nozzle expansion ratio optimized at its lower limit (15:1) over the range of variation
(Appendix B-82 through B-85).

Orbiter Propellant at Staging. Total dry weight m.inimizes at 31.5% propellant
onboard, with only moderate sensitivity over the range of variation. A major break in
most of the sensitivity curves occurs between 30% and 32%, associated with breaking
free of the lower limit on engine-out liftoff acceleration and with reaching the lower
limit on number of booster engines, respectively. Nozzle expansion ratio optimizes at
its lower limit (15:1) over the range of variation (Appendix B-86 through B-89).

Number of Booster Engines. Total dry weight minimizes at four or five engines, but
is relatively insensitive over the range of variation. Propellant mass fraction, body
diameter, propellant mixture ratio, throttle setting, orbiter propellant at staging, and
engine-out liftoff acceleration are relatively insensitive to number of engines. Nozzle
expansion ratio optimizes at its lower limit (15:1) over the range of variation (Appendix
B-90 through B-93).

Expansion Ratio. Total dry weight minimizes near an expansion ratio of 20:1, but is
relatively insensitive over the range from 15:1 to 25:1. Major breakpoints occur at
17.2:1 and 20.5:1, associated with reaching the lower limit on engine-out liftoff
acceleration and with reaching the lower limit on number of booster enginés,
respectively. Throttle setting and engine-out liftoff acceleration are relatively

insensitive to nozzle expansion ratio (Appendix B-94 through B-97).
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3.1.1.6 RP~1/RP-1 Far-Term Performance (Configuration 2.F)

Configuration Description. Figure 3.1.1.6-1 is a three-view drawing of
configuration 2.F. A summary of configuration features is shown in figure 3.1.1.6-2.
Detailed performance and weight numbers are tabulated in the appendix A-22 through
A-25.

Optimization Sensitivities. The optimization constraints on the selected
independent variables are identical to those given in section 3.1.1.5. Detailed
sensitivity analyses are presented in the appendix B-98 through B-121 and are discussed
below.

Body Diameter. Total dry weight, in this case, is a "semibucket" function,
minimizing at 26-ft diameter. The sensitivity curves are quite broken up in accordance
with the following breakpoints (Appendix B-98 through B-101):

a. 26.4-ft: minimum limit, propellant mfxture ratio.

b. 26.9-ft: minimum limit, number of booster engines.

e. 27.8-ft: minimum limit, orbiter propellant at staging, engine-out liftoff
acceleration, and expansion ratio.

d. 28.2-ft: minimum limit, engine-out liftoff acceleration and maximum limit,
expansion ratio.

e. 29.1-ft: minimum limit, orbiter propellant at staging.

Engine-out Liftoff Acceleration. Total dry weight minimize§ at 1.165g, but is
relatively insensitive over the range 1.12 to 1.25g. Significant breakpoints are as
follows:

a. 1.12g: minimum limit, number of booster engines.
b. 1.17g: maximum limit, percent propellant at staging.
e. 1.19¢: minimum limit, expansion ratio.

d. 1.21g maximum limit, percent propellant at staging.
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Configuration: 2.F

Booster:
Weights: Engines:
Dry Weight(lb) = 187,000 Type: RP-1/RP-1
Propellant Weight (Ib) = 1,577,000 Number = 6
-LO2(Ib) = 1,126,000 Thrust (vacuum, each) (Ib) = 620,000
-RP-1(lb} = 450,000 MR: 2.50
Inert Weight (Ib) = 105,000 Pc (psia) = 1,650
A= 0.873 'sp = 304
€= . 15.00
dpowerhe.ad (in) = 120
D(ft) = 26.0 Fins:  Sg(ft2) (ea) = 138.87
Sbody flap (ft2)= 208 AR = 1.39
A= 0.55
A tc = 11%
Wing: t2) = ,964.60
ing Sm?f (= ) 2 962.86 Smdder (ftz) (ea) = 41.66
A= 0.11
te = 11% ]
Sflaperons (ft2) = 592.92 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (lb) = 163,000 Weight (lb) = 122,000
Propellant Weight (Ib) = 1,423,000 Circularization OMS
-L02(ib) = 1,220,000 Propeilant (Ib) = 9,470
- LHa2(Ib) = 203,000 Total OMS
K;egrt Weight (Ib) = 183:ggg Propellant (Ib) = 18,600
GLOW (Ib) = 3,569,000
Vstaging (ft/s) = 5,075
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.6-2. Summary of Configuration Features for Configuration 2.F
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Propellant mixture ratio optimized at its lower limit (2.5) over the range of
variation ( Appendix B-102 through B-105). -

Mixture Ratio. Total dry weight minimizes near a mixture ratio of 2.8, with
moderate sensitivity over the range of variation. Minor breakpoints include:
a. MR =3.0: maximum limit, orbiter propellant at staging.
b. MR =3.15: minimum limit, body diameter.
¢. MR = 3.50: maximum limif, orbiter propellant at staging and minimum limit, body

diameter.

Body diameter, throttle setting, orbiter propellant at staging, propellant mass
fraction, engine-out liftoff acceleration, and nominal liftoff acceleration are relatively
insensitive over the range of variation. Number of booster engines optimizes at its
lower limit (four) and nozzle expansion ratio at its lower limit (15:1) over the range of
variation (Appendix B-106 through B-109).

Orbiter Propellant at Staging. Total dry weight minimizes at approximately 31.5%,
but is relatively insensitive over the range 29 to 35%. One breakpoint appears at 32.4%,
associated with reaching the lower limit on number of engines (four). Propellant
mixture ratio optimized at its higher limit (4.0) and nozzle expansion ratio at its lower
limit (15:1) over the range of variation (Appendix B-110 through B-113).

Number of Booster Engines. Total dry weight minimizes for five or six engines, but
is relatively insensitive over the range four to seven engines. A breakpoint appears at
5.4 engines (fractional engines are artifacts of the continuous-function algorithm used in
the optimization program), associated with breaking free from the upper limit on orbifer
propellant at staging and from the upper limit on enrine-out liftoff acceleration.

Propellant mixture ratio optimizes at its upper limit (4.0) and nozzle expansion ratio
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optimizes at its lower limit (15:1) over the range of variation (Appendix B-114 through
B-117). °
Expansion Ratio. Total dry weight minimizes over the range of 23:1 to 32:1, but is
only moderately sensitive over the range of variation. Significant breakpoints are as
follows:
a. 20.5: maximum limit, number of booster engines and minimum limit, engine-out
liftoff acceleration.
b. 23.5: minimum limit, number of booster engines and maximum limit, orbiter
propellant at staging.
e. 32.0: minimum limit, number of booster engines.

d. 34.5: minimum limit, engine-out liftoff acceleration.

Propellant mixture ratio optimized at its upper limit (4.0) over the range of

variation (Appendix B-118 through B-121).

3.1.1.7 Methane/H2 (Configuration 2.G)

Configuration Desecription. Figure 3.1.1.7-1 is a three-view drawing of configura-
tion 2.G. A summary of configuration features is shown in figure 3.1.1.7-2. Detailed
performance and weight numbers are tabulated in the appendix A- 26 through A-29.

Optimization Sensitivities. The optimization econstraints on the selected

independent variables are as follows:

a. Body diameter: 28 to 32 ft
b. Engine-out liftoff acceleration: 1.1 to 1.3g
¢. Mixture ratio (booster): 3.0 to 4.5

d. Orbiter propellant at staging: 35 to 50%
e. Number of booster engines: 4to8

f. Expansion ratio: 15 to 40
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Configuration: 2.G

Booster:
Weights: Engines:
Dry Weight (Ib) = 159,150 Type: Methane/LH,
Propellant Weight (Ib) = 1,244,000 Number = 5
-LO2(lb) = 983,000 Thrust (vacuum, each) (Ib) = 536,000
-Methane(lb) = 238,000 MR: 4.13
-LH2(lb) = 22,900 Pc (psia) = 4,300
Inert Weight (Ib) = 188,000 lsp = 347
A= 0.863 €= 22.75
dpowel'he_ad (in) = 92.7
Body: T;. = 4.53 D nozzie(in) = a4.6
D(ft) = 303 | |Fins:  Sg(ft2)(ea) = 125
Sbody flap (ft2) = 243 AR = 1.39
: A= 0.55
Wing: Sref (ft2) = 2,245 Ve = 1%
s Af;fi ) 2.36 Srudder (ft2) (ea) = 37.6
A= 0.11
te = 1%
Sflaperons (ft2) = 449 Flyback Engines: 2
Orbiter: ’
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 163,000 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,507,000 Circularization OMS
-L02(lb) = 1,292,000 Propellant (Ib) = 9,470
imect wrasabe (1b) 17000 Jotal QMS
nert Weignt = ' Propellant (Ib) = 18,600
A= 0.888 P (Ib)
GLOW(Ib) = 3,289,000
Vstaging (ft/s) = 4,734
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.7-2. Summary of Configuration Features for Configuration 2.G
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Detailed sensitivity analyses are presented in appendix B-122 through B-145 and are
discussed below.

Body Diameter. Total dry weight is a classic "bucket" function, minimizing within
the range of 30- to 31-ft diameter but is only moderately sensitive over the range of
variation. Two breakpoints appear to exist: at 29.3 and 30.2 ft. The former is difficult
to explain. The latter is associated with reaching the lower limit on number of booster
engines and the lower limit on engine-out liftoff acceleration (Appendix B-122 through
B-125).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.1g, the lower
limit, but is only moderately sensitive over the range of variation. A single breakpoint
appears to exist at 1.19g, ecorresponding to optimizations breaking free from the lower
limit on number of booster engines (Appendix B;126 through B-129).

Mixture Ratio. Total dry weight minimizes at 3.65 but is relatively insensitive over
the range of variation, as are propellant mass fraction, throttle setting, orbiter
propellant at staging, and nominal liftoff acceleration. The number of booster engines
optimized at its lower limit (four) and engine-out liftoff acceleration optimized at its
lower limit (1.1g) over the range of variation (Appendix B-130 through B-133).

Orbiter Propellant at Staging. Total dry weight minimizes at approximately 36.5%,
but is only moderately sensitive over the range of variation. A single breakpoint occurs
at 40%, corresponding to breaking free of the lower—limit on engihe-out liftoff
acceleration. The number of booster engines optimizes at its lower limit (four) over the
range of variation (Appendix B-134 through B-137).

Number of Booster Engines. Total dry weight minimizes at four engines, butl is
relatively insensitive over the range of interest. A breakpoint occurs at 6.2 engines
(fractional engines are artifacts of the continuous-function algorithm used in the

optimization program), associated with breaking free from the lower limit on engine-out
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liftoff acceleration. Propellant mass fraction, body diameter, propellant mixture ratio,
and throttle setting are relatively insensitive over the range of variation (Appendix B-
138 through B-141).

Expansion Ratio. Total dry weight minimizes at an expansion ratio of 23:1, but is
relatively insensitive over the range of variation, as are propellant mass fraction,
throttle setting, nominal liftoff acceleration, and body diameter. The number of
engines optimized at its lowest limit (four) and engine-out liftoff acceleration optimized

at its lowest limit (1.1g) over the range of variation (Appendix B-142 through B-145).

3.1.1.8 Methane/Methane (Configuration 2.H)

Configuration Description. Figure 3.1.1.8-1 is a three-view drawing of configura-
tion 2.H. A summary of configuration features is shown in figure 3.1.1.8-2. Detailed
performance and weight numbers are tabulated in appendix A-30 through A-33.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 25 to 29 ft
b. Engine-out liftoff acceleration: 1.1 to 1.3g
¢. Mixture ratio (booster): 3.0 to 4.5
d. Orbiter propellant at staging: 27 to 37%
e. Number of booster engines: 4t08

f. Expansion ratio: 15 to 40

Detailed sensitivity analyses are presented in the appendix B-146 through B-169 and

are discussed below.
Body Diameter. Total dry weight is a classic "bucket" function, minimizing in the
range of 26 to 27 ft and moderately sensitive over the range of variation. Three

breakpoints occur: at 26.8, 27.7, and 28.6 ft in diameter. The first corresponds to
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Configuration: 2.H

Booster:
Weights: Engines:
Dry Weight (Ib) = 167,130 Type: Methane/Methane
Propellant Weight (Ib) = 1,469,000 Number = . - 5
-LO2(lb) = 1,156,000 Thrust (vacuum, each) (Ib) = 691,000
- Methane (lb) = 313,000 MR: 3.70
Inert Weight (Ib) = 199,000 Pc (psia) = 3,300
A= 0.876 Isp = 338
€= 15.00
dpowerhead (in) = 109
Body: % = 453 D nozzie (in) = 69.4
D(ft) = 26.6 | |Fins: S¢(ft2)(ea)= 129
Sbody flap (ft2) = 213 AR = 1.51
: A= 0.55
Wing: Sref (ft2) = 2,662 ve = 1%
g Ar%ef (= ) 2.06 Srudder (ft2) (ea) = 38.8
A= 0.11
te = 11%
Sflaperons (ft2) = 532 Flyback Engines: 2
QOrbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (lb) = 164,000 Weight (lb) = 122,000
Propellant Weight (Ib) = 1,546,100 Circularization OMS
-LO2(lb) = 1,325,000 Propellant (Ib) = 9,470
il | o
Inert Weight = ' p llant (Ib) =
A= 0.890 ropeliant (ib) 18,600
GLOW (Ib) = 3,564,000
Vstaging (ft/s) = 5,136
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.8-2. Summary of Configuration Features for Configuration 2.H
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reaching the lower limit on number of booster engines and the lower limit on engine-out
liftoff acceleration. The second corresponds to reaching the lower limit on propellant
mixture ratio. The third is difficult to explain. Throttle setting is relatively insensitive
over the range of variation (Appendix B-146 through B-149).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.1g and is
moderately sensitive over the range of variation. Two breakpoints occur: at 1.125g
(gssociated with breaking free from the lower limit on number of booster engines) and at
1.255g (associated with reaching a plateau value for the orbiter propellant at staging)
(Appendix B-150 through B-153).

Mixture Ratio: Total dry weight minimizes at a ratio of 3.6, but is relatively
insensitive over the range of variation. No significanf breakpoints occur. Propellant
mass fraction, body diameter, throttle setting, orbiter propellant at staging, and
nominal liftoff acceleration are relatively insensitive over the range of variation. The
number of booster engines optimized at its lower limit (four) and engine-out liftoff
acceleration optimized at its lower limit (1.1g) over the range of variation (Appendix
B-154 through B-157).

Orbiter Propellant at Staging. Total dry weight minimizes at 37%, and is only
moderately sensitive over the range of variation. Two breakpoints occur: at 34.5% and
36%. The first is associated with reaching the lower limit on number of booster engines.
The second is associated with breaking free of the lower limit on engine-out liftoff
acceleration (Appendix B-158 through B-161).

Number of Booster Engines. Total dry weight minimizes at four engines, but is only
moderately sensitive over the range of variation. A breakpoint occurs at 4.9 engines
(fractional engines are artifacts of the continuous-function algorithm used in fhe
optimization program) associated with breaking free of the lower limit on engine-out

liftoff acceleration. Propellant mass fraction, body diameter, propellant mixture ratio,
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throttle setting, and staging velocity are relatively insensitive over the range of
variation (Appendix B-162 through B-165).

Expansion Ratio. Total dry weight minimizes at an expansion ratio of 23:1 but is
relatively insensitive over the range of variation. A minor breakpoint occurs at 22:1,
associated with reaching the lower limit of engine-out liftoff acceleration. Propellant
mass fraction, throttle setting, engine out and nominal liftoff acceleration, and body
diameter are also relatively insensitive over the range of variation. The number of

booster engines optimized at its lower limit (four) over the range of variation (Appendix

B-166 through B-169).
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3.1.1.9 NBP Propane/Hg (Configuration 2.I)

Configuration Description. Figure 3.1.1.9-1 is a three~view drawing of configura-
tion 2.I. A summary of configuration features is shown in figure 3.1.1.9-2. Detailed
performance and weight numbers are tabulated in the appendix A-34 through A-37.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 28 to 32 ft
b. Engine-out liftoff acceleration: 1.1 to 1.4¢
¢. Mixture ratio (booster): 2.0 to 4.0
d. Orbiter propellant at staging: 30 to 40%
e. Number of booster engines: 4to8

f. Expansion ratio: 15 to 50

Detailed sensitivity analyses are presented in the appendix B-170 through B-193 and
are discussed below.

Body Diam'eter. Total dry weight is a "ragged bucket" function, minimizing at
approximately 29.3 ft, with moderate sensitivity over the range of variation. Two
breakpoints occur: at 30.2 and 30.7-ft diameter. The first is associated with reaching
the lower limit on engine-out liftoff acceleration. The second is associated with
reaching the lower limit on number of booster engines. Propellant mass fraction is
relatively insensitive over the range of variation (Appendix B-170 through B-173).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.15g with
moderate sensitivity over the range of variation. Minor breakpoints occur at 1.23g
(associated with reaching the lower limit on nozzle expansion ratio) and 1.2.7g
(associated with reaching the upper limit on orbiter propellant at staging). A major

breakpoint occurs over the span 1.335 to 1.365g, associated with a rapid transition to
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Configuration: 2.1

Booster:
Weights: Engines:
Dry Weight (Ib) = 163,000 Type: Propane/LH2
- Propellant Weight (Ib) = 1,283,000 Number = 6
-LOz(Ib) = 991,000 Thrust (vacuum, each) (Ib) = 546,000
- NPB Propane (Ib) = 273,000 MR: 3.40
-LH2 Coolant (lb) = 18,300 Pc(psia) = 4,000
Inert Weight (Ib) = 194,000 lsp = 328
A= 0.898 €= 21.38
dpowerhqad (in) = 93
Body: £ = 4.53 D nozzle (in) = 42.7
D(ft) = 29.6 | |Fins: Se(ft2)(ea)= 128
Sbody flap (ft2) = 237 R = 1.39
A= 0.55
Wing: Sref (ft2) = 2,636 ve = 11%
S A';f f(= ) 2.06 Srudder (ft2) (ea) = 38.5
A= 0.11
tlc = 11%
Sflaperons (ft2) = 527 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 163,000 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,568,000 Circularization OMS
-LOz(lb) = 1,294,00 Propellant (Ib) = 9,470
-LH2(LB) = 273,000 Total OMS
Inert Weight (Ib) = 191,000 Propellant (Ib) = 18,600
A= 0.892
GLOW (Ib) = 3,337,000
Vstaging (ft/s) = 4,425
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.9-2. Summary of Configuration Features for Configuration 2.1
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the lower limit on number of booster engines. Propellant mixture ratio is relatively
insensitive over the range of variation (Appendix B-174 through B-177).

Mixture Ratio. Total dry weight minimizes between 3.0 and 3.5 with moderate
sensitivity over the range of variation. Minor breakpoints oceur at 2.25 (associated with
breaking free from the upper limit on orbiter propellant at staging) and 2.45 (associated
with breaking free from the lower limit on nozzle expansion ratio). A major breakpoint
occurs at 2.7 but is difficult to explain. Propellant mass fraction is relatively
insensitive over the range of verification (Appendix B-178 through B-181).

Orbiter Propellant at Staging. Total dry weight minimizes at 40%, with moderate
sensitivity over the range of variation. A minor breakpoint occurs at approximately
32.3%, associated with breaking free from the lower limit on engine-out liftoff
acceleration. Propellant mixture ratio and throttle setting are relatively insensitive
over the range of variation (Appendix B-182 through B-185).

Number of Booster Engines. Total dry weight minimizes at four engines, but is
relatively insensitive over the range of variation. No breakpoints occur. Propellant
mass fraction, body diameter, mixture ratio, throttle setting, orbiter propellant at
staging, and engine-out liftoff acceleration are relatively insensitive over the range of
variation (Appendix B~186 through B-189).

Expansion Ratio. Total dry weight minimizes at an expansion ratio of 19:1 but is
relatively insensitive over the range of variation. No constraint-related breakpoints
occur. Gross liftoff weight, propellant mass fraction, mixture ratio, and throttle setting

are relatively insensitive over the range of variation (Appendix B-190 through B-193).

3.1.1.10 NBP Propane/NBP Propane (Configuration 2.J)
Configuration Description. Figure 3.1.1.10-1 is a three-view drawing of configura-
tion 2.J. A summary of configuration features is shown in figure 3.1.1.10-2. Detailed

performance and weight numbers are tabulated in the appendix A-38 through A-41.
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Configuration: 2.J

Booster:
Weights: Engines:
Dry Weight (Ib) = 170,590 Type: Propane/Propane
Propellant Weight (Ib) = 1,528,000 Number = 5
-LO2(lb) = 1,154,400 Thrust (vacuum, each) (Ib) = 740,560
-Propane(lb) = 373,240 MR: 3.09
Inert Weight (Ib) = 202,910 Pc(psia) = 2,600
A= 0.878 Isp = 316
£ = . 22.81
dpowerhe_ad (in) = 127
Body: _é_ = 4.53 D nozzle (in) = 62.9
D(ft) = 26.3 | 'Fins:  S¢(ft2)(ea)= 132
Sbody flap (ft2) = 210 R = 1.39
A= 0.55
Wing: Sref (ft2) = 2,750 Ve = 11%
9 A‘; = ) 2.06 Srudder (ft2) (ea) = 39.6
A= 0.11 -
te = 11%
Stlaperons (ft2) = 550 Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight (Ib) = 164,870 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,649,000 Circularization OMS
-L0z2(Ib) = 1,413,400 Propellant (Ib) = 9,470
-LHz (Ib) = 235,560 Total OMS
lkrge: Weight (Ib) = 193:232 Propellant (Ib) = 18,600
GLOW((lb) = - 3,731,900
Vstaging (ft/s) = 4,281
P/L to Space Station (Ib) = - 150,000

Figure 3.1.1.10-2. Summary of Configuration Features for Configuration 2.J
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Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 25 to 29 ft
b. Enginé-out liftoff acceleration: 1.1to 1.3¢g
¢. Mixture ratio (booster): 2.0 to 4.0

d. Orbiter propellant at staging: 28 to 38%

e. Number of booster engines: 4to8

f. Expansion ratio: 15 to 50

Detailed sensitivity analyses are presented in the appendix B-194 through B-217 and
are discussed below.

Body Diameter. Total dry weight does not minimize according to a well-behaved
relationship, displaying two acute minima at 25.9 ft and at 27.2 ft, which are difficult to
explain. Breakpoints seems to occur over the bands 25.9 to 26.3 ft and 28.7 to 29.0 ft.
The first is associated with reaching the upper limit on number of booster engines and
also with reaching the lower limit on engine-out liftoff acceleration. The second is
associated with an abrupt transition from the higher limit to the lower limit on number
of booster engines. Nozzle expansion ratio optimized at its lower limit (15:1) over the
range of variation (Appendix B-194 through B-197).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.1g and is only
moderately sensitive over the range of variation. A breakpoint occurs at 1.28g,
associated with breaking free from the lower limit on number of booster engines.
Propellant mass fraction, mixture ratio, and throttle setting are relatively insensitive
over the range of variation. Orbiter propellant at staging optimized at its upper limit
(38%) over the range of variation (Appendix B-198 through B-201).

Mixture Ratio. Total dry weight minimizes at a ratio of 4.0, with moderate

sensitivity over the range of variation. Two distinet breakpoints occur: at 3.4 and 3.8.
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The first is associated with breaking free from the lower limit on nozzle expansion
ratio. The second is associated with breaking free from the upper limit on number of
booster engines. Propellant mass fraction and throttle setting are relatively insensitive
over the range of variation. Orbiter propellant at staging optimized at its upper limit
(38%) and engine-out liftoff acceleration optimized at its lower limit (1.1g) over the
range of variation (Appendix B~202 through B-205).

Orbiter Propellant at Staging. Total dry weight minimizes at 33.55%, but is
relatively insensitive over the range of variation. No breakpoints are evident.
Propellant mass fraction, throttle setting, and nominal liftoff acceleration are
relatively insensitive. The number of booster engines optimized at its upper limit
(eight), engine-out liftoff acceleration at its lower limit (1.1g), and nozzle expansion
ratio at its lowest limit (15:1) over the range of variation (Appendix B-206 through
B-209). |

Number of Booster Engines. Total dry weight minimizes at four engines, with
moderate sensitivity over the range of variation. A breakpoint occurs at 6.6 engines
(fractional engines are artifacts of the continuous-function algorithm used in the
optimization program) associated with reaching the lower limit of nozzle expansion
ratio. Propellant mass fraction, body diameter, and throttle setting are relatively
insensitive. Orbiter propeﬁant at staging optimizes at its lower limit (38%) and engine-
out liftoff acceleration at its lower limit (1.1g) over the range of variation (Appendix
B-210 through B-213). |

Expansion Ratio. Total dry weight minimizes at an expansion ratio of 23:1, with
moderate sensitivity over the range of variation. A major breakpoint occurs between
20:1 anci 23:1, associated with an abrupt transition between the upper and lower Iimits
on the number of engines. Propellant mass fraction and throttle setting are relatively

insensitive. Orbiter propellant at staging optimized at its upper limit (38%) and engine-
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out liftoff acceleration at its lower limit (1.1g) over the range of variation (Appendix

B-214 through B-217).

3.1.1.11 Subcooled Propane/H2 (Configuration 2.K)

Configuration Description. Figure 3.1.1.11-1 is a three-view draWing of configura-
tion 2.K. A summary of configuration features is shown in figure 3.1.1.11-2. Detailed
performance and weight numbers are tabulated in the appendix A-42 through A-45.

Optimization Sensitivities. The optimization constraints on the selected
independent variables are identical to those given in section 3.1.1.10. Detailed
sensitivity analyses are presented in the Appendix B-218 through B-241 and are
discussed below.

Body Diameter. Total dry weight minimizes along a monotonic function at 29 ft,
but is relatively insensitive over the range of variation. There are no significant
breakpoints. Vehicle initial weight, propellant mass fraction, weight of hydrogen
coolant, mixture ratio, throttle setting, and staging velocity are relatively insensitive.
Orbiter propellant at staging optimized at its upper limit (38%) over the range of
variation (Appendix B-218 through B-221).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.15g, but is
relatively insensitive over the range of variation. A breakpoint occurs at approximately
1.165¢g, associated with breaking free from the upper limit on body diameter. Propellant
mass fraction and throttle setting are relatively insensitive. Body diameter optimized
at its upper limit (29.5 ft) and orbiter propellant at its upper limit (38%) over the range
of variation (Appendix B-222 through B-225).

Orbiter Propellant at Staging. Total dry weight minimizes at 38%, but is only
moderately sensitive over the range of variation. No constraint-related breakpoints

occur. Vehicle initial weight, propellant mass fraction, mixture ratio, and throttle
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Configuration: 2.K

Booster:
Weights: Engines:
Dry Weight (Ib) = 165,280 Type: SC Propane/LH2
Propeilant Weight (Ib) = 1,300,000 Number = 5
-LO2(lb) = 1,006,000 Thrust (vacuum, each) (Ib) = 654,000
-SCPropane (Ib) = 277,000 MR: 3.63
-LH2 Coolant (Ib) = 17,600 Pc (psia) = 4,000
Inert Weight (Ib) = 194,000 Isp = 330
A= 0.865 €= 24.88
gpowerhqad (in) = 99
Body: £ = 4.53 nozzle (in) = 503
D(ft) = 29.1 Fins:  Sf(ft2)(ea)= 128
Sbody flap (ft2) = 233 AR = 1.39
A= 0.55
. t/c = 11%
: 2) = ,
Wing: Srer (112 2,539 Srudder (ft2) (ea) = 38.5
A= 0.11
te = 1% ]
Stlaperons (ft2) = 528 | |Flyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight(lb) = 163,000 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,510,000 Circularization OMS
-LO2(lb) = 1,294,000 Propellant (Ib) = 9,470
-LHa(Ib) = 216,000 Total OMS
Inert Weight (Ib) = 191,000 Propellant (Ib) = 18,600
A= 0.888
GLOW (Ib) = 3,354,000
Vstaging (ft/s) = 4,518
P/L to Space Station (lb) = 150,000

Figure 3.1.1.11-2. Summary of Configuration Features for Configuration 2.K




setting are relatively insensitive. Body diameter optimized at its upper limit (29.0 ft)
dver the range of variation (Appendix B-230 through B-239).

Number of Booster Engines. Total dry weight minimizes at four or five booster
engines, but is relatively insensitive over the range of variation. A minor breakpoint
occeurs at 5.4 engines (fractional engines are artifacts of the continuous-function
algorithm used in the optimization program), associated with breaking free from the
upper limit on orbiter propellant at staging. Propellant mass fraction, body diameter,
and throttle setting are relatively insensitive(Appendix B-234 through B-237).

Expansion Ratio. Total dry weight minimizes at an expansion ratio of
approximately 21:1, but is relatively insensitive over the range of variation. No
breakpoints occur. Propellant mass fraction, mixture ratio, throttle setting, and
nominal liftoff acceleration are relatively insensitive. Orbiter propellant at staging
op*imized at its upper limit (35%) and body diameter at its upper limit (29.0 ft) over the

range of variation (Appendix B-238 through B-241).

3.1.1.12 SC Propane/SC Propane (Configuration 2.L)

Configuration Description. Figure 3.1.1.12-1 is a three-view drawing of
configuration 2.L. A summary of configuration features is shown in figure 3.1.1.12-2.
Detailed performance and weight numbers are tabulated in the appendix A-46 through
A-49.

Optimization Sensitivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 23 to 27 ft
b. Engine-out liftoff acceleration 1.1 to 1.3g
e. Mixture ratio (booster): 2.0 to 4.6

d. Orbiter prbpellant at staging: 29 to 39%
e. Number of booster engines: 4to8
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Configuration: 2.L

Booster:
Weights: Engines:
Dry Weight (Ib) = 171,980 Type: Propane/Propane
Propellant Weight (Ib) = 1,455,000 Number = 5
-L02(Ib) = 1.120,000 Thrust (vacuum, each) (Ib) = 766,000
- SCPropane (Ib) = 334,000 MR: 3.35
Inert Weight (Ib) = 203,000 Pc (psia) = 3,300
A= 0.873 lsp = 318
€= . 28.20
dpowerhe.ad (in) = 116
Body: T;- = 4.53 D nozzle(in) = 63.7
D(ft) = 253 | |Fins: Sg(ft2)(ea)= 132
Sbody flap (ft2)= 202 AR = 1.39
A= 0.55
Wing: Sref (ft2) = 2,738 Ve = 11%
9 Sret (12 a8 Srudder (ft2) (ea) = 395
A= 0.11
te = 1%
Sflaperons (ft2) = 548 | |Fiyback Engines: 2
Orbiter:
Weights: P/A Module (4 SSMEs):
Dry Weight(lb) = 164,000 Weight (Ib) = 122,000
Propellant Weight (Ib) = 1,533,000 Circularization OMS
-L02(lb) = 1,314,000 Propeilant (Ib) = 9,470
-LH2(Ib) = 219,000 Total OMS
gje;rt Weight (Ib) = 19&228 Propellant (Ib) = 18,600
GLOW (Ib) = 3,541,000
Vstaging (ft/s) = 4,624
P/L to Space Station (Ib) = 150,000

Figure 3.1.1.12-2. Summary of Configuration Features for Configuration 2.L
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f. Expansion ratio: 15 to 50

Detailed sensitivity analyses are presented in the appendix B-242 through B-265 and
are discussed below.

Body Diameter. Total dry weight is a classic "bucket” function, minimizing in the
range of 25.2 to 25.7 ft diameter, being only moderately sensitive over the range of
variation. No significant breakpoints occur. Throttle setting is relatively insensitive.
The number of booster engines optimized at its lower limit (four) over the range of
variation (Appendix B-242 through B-245).

Engine-out Liftoff Acceleration. Total dry weight minimizes at 1.1g, with only
moderate sensitivity over the range of variation. A breakpoint appears to exist at
approximately 1.25g, associated with reaching the upper limit on orbiter propellant at
staging. Propellant mixture ratio is relatively insensitive. The number of booster
engines optimized at its lower limit (four) over the range of variation (Appendix B-246
through B-249). .

Mixture Ratio. Total dry weight minimizes in the range of 3.0 to 3.5, with
moderate sensitivity over the range of variation. A breakpoint occurs at approximately
2.2 but is difficult to explain. Propellant mass fraction and throttle setting are
relatively insensitive. The number of booster engines optimized at its lower limit (four)
over the range of variation (Appendix B-250 through B-253).

Orbiter Propellant at Staging. Total dry weight minimizes at approximately 36.5%,
but is relatively insensitive over the range of variation. A minor breakpoint ocecurs at
30%, associated with breaking free from the lower limit on engine-out liftoff
acceleration. Propellant mass fraction, mixture ratio, and throttle setting are
relatively insensitive. The number of booster engines optimized at its lower limit (four)

over the range of variation (Appendix B-254 through B-257).
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Number of Booster Engines. Total dry weight minimizes at four engines, but is
relatively insensitive over the range of variation. Aside from a minor discontinuity in
engine-out liftoff acceler:ation over the range of seven to eight engines, no breakpoints
occur. Propellant mass fraction, body diameter, propellant mixture ratio, throttle
setting, orbiter propellant at staging, engine-out liftoff acceleration, and nozzle
expansion ratio are relatively insensitive (Appendix B-258 through B-261).

Expansion Ratio. Total dry weight minimizes near an expansion ratio of 26:1, but is
relatively insensitive over the range of variation. No significant breakpoints occur.
Propellant mass fraction, mixture ratio, and throttle setting are relatively insensitive.
The number of booster engines optimizes at its lower limit (four) over the range of

variation (Appendix B-262 through B-265).

3.1.1.13 SC Propane/SC Propane Far-Term Performance (Configuration 2.M)
Configuration Description. Figure 3.1.1.13-1 is a three-view dfawing of configura-

tion 2.M. A summary of configuration features is shown in figure 3.1.1.13-2. Detailed

performance and weight numbers are tabulated in the appendix A-50 through A-53.
Optimization Sensi'tivities. The optimization constraints on the selected

independent variables are as follows:

a. Body diameter: 23 to 27 ft
b. Engine-out liftoff acceleration: 1.1 to 1.3g
¢. Mixture ratio (booster): 2.0 to 4.0

d. Orbiter propellant at staging: 30 to 40%
e. Number of booster engines: 4to8

f. Expansion ratio: 15 to 50

Detailed sensitivity analyses are presented in the appendix B-266 through B-289 and

are discussed below.
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Configuration: 2.M

Booster:
Weights: Engines:
Dry Weight (Ib) = 167,000 Type: SC Propane/Propane
Propellant Weight (Ib) = 1,407,000 Number = 5
-L0a2(lb) = 1,090,000 Thrust (vacuum, each) (Ib) = 735,000
- SCPropane (Ib) = 317,000 MR: 5.00
Inert Weight (I1b) = 195,000 Pc (psia) = 3,900
A= ’ 0.873 Isp = 325
€= 29.88
dpowerhe_ad (in) = 105
Body: L = 4.53 D nozzle (in) = 59
D(ft) = 24.8 | IFins:  Sg(ft2)(ea) = 130
Sbody flap (ft2)= 198 = 1.38
A= 0.55
. t/c = 11%
. )=
Wing: Sref (:t ) 2'26,32 Srudder (ft2) (ea) = 38.9
R 0.11
te = 11%
Sflaperons (ft2) = 531 Flyback Engines: _ 2
Orbiter:
Weights: P/A Moduie (4 SSMEs):
Dry Weight (Ib) = 165,000 Weight(lb) = 122,000
Propeilant Weight (Ib) = 1,640,000 Circularization OMS
-L0z2(lb) = 1,405,000 Propellant (lb) = 9,470
-LHa (Ib) = 234,000 Total OMS
Inert Weight (Ib) = 193,000 Propeilant (Ib) = 18,600
A= 0.895
GLOW (Ib) = 3,594,000
Vstaging (ft/s) = - 4,181

P/L to Space Station (Ib) = 150,000

Figure 3.1.1.13-2. Summary of Configuration Features for Configuration 2.M
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Body Diameter. Total weight is a monotonic funetion minimizing at approximately
24.75-ft diameter, with moderate sensitivity over the range of variation. A breakpoint
occurs at 25.2 ft, associated with reaching the lower limit on engine-out liftoff
acceleration. Propellant mass fraction and throttle setting are relatively insensitive.
Orbiter propellant at staging optimized at its upper limit (40%) over the range of
variation (Appendix B-266 through B-269).

Engine—out Liftoff Aecceleration. Total dry weight minimizes at 1.15g, but is
relatively insensitive over the range of variation. No breakpoints are apparent.
Propellant mass fraction, engine rated vacuum thrust, throttle setting, and booster
engine weigﬁt are relatively insensitive. Orbiter propellant at staging optimized at its
upper limit (409%) over the range of variation (Appendix B-270 through B-273).

Mixture Ratio. Total dry weight minimizes in the range of 3.0 to 3.5, with
moderate sensitivity over the range of variation. No constraint-related breakpoints
occur. Propellant mass fraction is relatively insensitive. Orbiter propellant at staging
optimized at its upper limit (40%) over the range of variation (Appendix B-274 through

B-277).

Orbiter Propellant at Staging. Total dry weight minimizes in the range of 37 to

38%, but is relatively insensitive over the range of variation. No breakpoints are
apparent. Gross liftoff weight, propellant mass fraction, throttle setting, and nominal
liftoff acceleration are relatively insensitive over the range of variation (Appendix
B-278 through B-281.

Number of Booster Engines. Total dry weight minimizes at four engines, with
moderate sensitivity over the range of variation. No significant breakpoints occur.
Propellant mass fraction, body diameter, mixture ratio, throttle setting, engine-out
liftoff acceleration, and nozzle expansion ratio are relatively insensitive. Orbiter
propellant at staging optimized at its upper limit (40%) over the range of variation

(Appendix B-282 through B-288).
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Expansion Ratio. Total dry weight minimizes at an expansion ratio of
approximately 26:1, but is relatively insensitive over the range of variation. No
significant breakpoints occur. Propellant mass fraction, number of booster engines,
throttle setting, engine-out liftoff acceleration,nominal liftoff acceleration, and body
diameter are relatively insensitive. Orbiter propellant at staging optimized at its upper

limit (40%) over the range of variation (Appendix B-286 through B-289).

3.1.1.14 Sensitivity Studies
Apart from the system-level impaet of variations in propellant thermochemistry
discussed in previous sections, it is of interest to determine the potential performance
benefits resulting from advances in generic propulsion technology. Two such
sensitivities will be addressed in this section:
a. The application of a step increase in booster engine expansion ratio during the
launch ascent (as might be obtained by a translating nozzle extension).

b. Recourse to high chamber pressure in the booster engines.

For illustrative purposes, the following three vehicles were employed as reference

concepts to which the sensitivities were applied:

a. LOX/hydrogen. section 3.1.1.2
b. LOX/RP-1 (hydrogen-cooled). section 3.1.1.3
e. LOX/methane (hydrogen-cooled). section 3.1.1.7

(RP-1 and methane were chosen to represent the more attractive hydrocarbon fuel

candidates from the standpoint of design experience or maximum performance).
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3.1.1.14.1 Expansion Ratio Change Sensitivities.

Included in this study was an evaluation of changing the booster engine nozzle to a
higher expansion ratio at some point in the boost phase. Four configurations were
evaluated, LOX/LH2, LOX/RP-1 (H2 cooled), LOX/methane (H2 cooled), and LOX (RP-1
cooled). . The liftoff nozzle positions were set at 30, 15, and 15:1 expansion ratios
respectively. Later in the trajectory expansion ratios of 40, 60, 80, or 100:1 at altitudes
from 10,000 to 70,000 ft were examined. It was found that dry weights increased with
an expansion ratio change no matter where the altitude change takes place, as
summarized on figure 3.1.1.14-1. Total dry weight was minimized with the booster

engines at constant expansion ratio during boost, set at a low ratio
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w 45 T ESILOX/RP—1 H2 COOLED, REF 15:1 FIXED ,
Q@ 40 | ZZ3LOX/METHANE H2 COOLED, REF 15:1 FIXED %
L K2 LOX/RP—-1 RP—1 COOLED, REF 15:1 FIXED %
o 35+ : ,
= 307
T K X
S 251 s
i X i
= 20+ % %
c 197
& 104
o G X
S 4 _Nm R JB@ ~NUE

40:1 60:1 80:1 100:1
EXPANSION RATIO

Figure 3.1.1.14-1 Extended Nozzle Expansion Ratio Impact on Two-Stage Booster
Dry Weight

3.1.1.14.1.1 LOX/Hydrogen.

These sensitivities are presented in figure 3.1.1.14-2. The basie (starting) expansion

ratio for this system was 30:1. Because this starting value was so high, sensitivity to

changes was minimal.
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3.1.1.14.1.2 LOX/RP-1 (Hydrogen-Cooled)
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These sensitivities are presented in figure 3.1.1.14-3. The starting expansion ratio

for this system was 15:1. Sensitivity to increase was adverse.

3.1.1.14.1.3 LOX/Methane (Hydrogen-Cooled)

These sensitivities are presented in figure 3.1.1.14-4. The starting expansion ratio

for this system was 15:1. The results are nearly indistinguishable from the RP-1 (Hg)

case.
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3.1.1.14.2 Chamber Pressure Sensitivities.
For the three illustrative vehiecles, booster engine rated chamber pressure ranged .
frorln 1000 to 4000 1b/in2. The dependent variables chosen were:
a. Total dry weight.
b. Gross liftoff weight.
c. Vehicle dry weight (booster).
d. Ascent propellant weight.
e. Propellant mass fraction.
f. Individual main engine weight.
g. Engine rated vacuum thrust (booster).

h. Engine throttle setting (booster).

The general conclusion is that most benefits are realized by Pe = 2500 to 3000

1b/in2 and improvements are marginal out to Pe = 4000 lb/in2. This conelusion,

however, must be tempered by the recognition that the major figures of merit (i.e., dry
weight) are curves with inflections that result in low sensitivity between 2500 to 3000
1b/in2; indications of increasing sensitivity beyond 3500 1b/in2 may impl§ benefits from
chamber pressures much higher than examined in this study. Detailed resuits are

presented in the following paragraphs.

3.1.1.14.2.1 LOX/Hydrogen.

These sensitivities are presented in figure 3.1.1.14-5. The reference concept for
this study (sec. 3.1.1.2) was optimized for a booster engine chamber pressure of 4000
1b/in2, Significant reductions in all dependent variables were obtained, with the

exception of propellant mass fraction and first stage throttle setting, which were

essentially unaffected.
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3.1.1.14.2.2 LOX/RP-1 (Hydrogen-Cooled)
These sensitivities are presented in figure 3.1.1.14-6. The reference concept for
“-this study (sec. 3.1.1.3) was also opt.imized at 4000 1b/in2, with a complete alternate

design (sec. 3.1.1.4) optimized at 2500 1b/in2. Results are similar to the LOX/hydrogen

case.

3.1.1.14.2.3 LOX/Methane (Hydrogen-Cooled)
These sensitivities are presented in figure 3.1.1.14~7. The reference concept for

this study (see. 3.1.1.7) was optimized at 4300 Ib/in2, Results are similar to the

preceding cases.

3.1.1.15 Two-Stage Crossfeed Evaluation

The optimized LOX/LH2 configuration was used for evaluating crossfeeding
propellant from the first-stage propellant tanks to the second stage engines during the
boost phase. The propellant, normally carried by the second-stage during the boost
phase, would be carried in the first stage or booster. This concept would potentially
reduce the inert mass of the second stage and provide a higher mass fraction for the
first stage, thus providing a more efficient launch vehicle.

The HAVCD computer program can place all or part of the propellant required for
the boost phase in the tanks of the first stage. The line sizes on the first stage were
calculated to accommodate the propellant flow rates for both the first- and second-
stage engines. Additional hardware is required for the propellant system if crossfeeding
propellant across the stage interface is required. The hardware components shown in
figure 3.1.1.15-1 are added when any crossfeed occurs.

Figure 3.1.1.15-2 summarizes the effect of crossfeed on launch vehicle design by
comparing the weight of configuration 2.B with crossfeed to configuration 2.B without

crossfeed.
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Weight

Stage Component Quantity (each) Description
Disconnect 2 1501b
LH> prevalve 1 586 Ib isolates disconnect
LOX prevalve 1 548 1b Same aslH,
prevalve.

Booster

Line and shroud 2 1501b

1st stage total - 19071ib | (Includes 10%
weight addition
for mounting
hardware)

Disconnect 150 1b

LH> prevalve 5861b Oneisolates
disconnect; the
second is
redundant for
existing tank
prevalve.

LOX prevaive 2 548 1b SameaslH)
prevalve.

Orbiter || 4, check valve 1 2931b | Prevents flow from
second-stage tank
to first-stage tank
during flow
switching.

LOX check valve 1 2741b Same as LH check
valve.
2nd stage total - 34491b | (Includes 10%
weight addition
for mounting
hardware)
Total S3561b

Figure 3.1.1.15-1

- Crossfeed System Weight
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Figure 3.1.1.15-2 Effect of Crossfeed on Vehicle Design

The crossfeed system weight requires a minimum of 5356 lb of dry weight that
needs to be added to the system. The erossfeed option was conducted on the LOX/LH2
optimized configuration. This crossfeed system was not optimized because of time
limitation. The results show that using a crossfeed system will not provide any
reduction in system dry weight. Very little change occurred in the total propellant
weight required and the gross liftoff weight. Notice that in this evaluation 41% more
propellant is carried in the first stage. The orbiter liftoff weight is‘ reduced by about
25%. For the low staging velocity, partially reusable stage concept reducing system
weight by using crossfeed is not effective. Further, system reliability would be reduced,
due to the increase in system complexity. Other study results, however, indicate the
potential for system weight decrease for a two-stage, fully reusable vehicle having a

higher staging velocity,
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3.1.1.16 Variable Mixture Ratio LOX/LH2 Evaluation

Changing the LOX/LH2 variable mixture ratio range during the boost phase from a
high (8-18:1) range to a lower range (6-12:1) was investigated to improve propellant bulk
density and system efficiency. It was assumed that mixture ratio would be changed by
changilng the oxidizer flow rate while maintaining a constant hydrogen flow rate.
Consequently, chamber pressure and engine thrust are reduced by the mixture ratio
reduction. It was found that specific impulse improvement during the flight had little
effect on minimizing the booster dry weight. Rather, the bulk density improvement had
a more significant effect. For example, increasing mixture ratio from 6:1 (for
maximum specific impulse) to about 9:1 produced a lower dry vehicle weight.

A single booster mixture ratio was also evaluated. The LOX/LHg2 configuration was
optimized to a single mixture ratio of 8.97. The dry weight increased by only 1.5% when
a single mixture ratio is used compared to the use of a more complex variable mixture
ratio of 6.86 and 12.0. It was therefore concluded that variable mixture ratio LOX/LH2g
main engines do not provide a significant payoff for the booster element of a two-stage
partially reusable launch vehicle compared to a new LOX/LH2 engine operating at a
mixture ratio of 9:1.

Figure 3.1.1.16-1 summarizes the sensitivity of engine performance to a change in
mixture ratio from 12 to 6, a mixture ratio that has been suggested in other studies.
When this set of mixture ratios was used in a version of configuration 2.B optimized to
use these mixture ratios, the result showed a 1.3% increase in total dry weight
compared to that of configuration 2.B, which had a fixed mixture ratio of about 9:1. A
representative design of such an engine was coneeptually defined by Acurex Corporation
under subcontract. The engine was tailored for the booster element of a two-stage
heavy lift system to have a vacuum thrust of 671,110 1b and a chamber pressure of 3000

psia. It is a full-flow cycle design having a skirt area ratio of 20.
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Parameter Initial Final - %Charge

Mixture ratio - 12.00 6.00 =50
Flow rate LH2 158.3 158.3 0.0
Flow rate LOX 1,900.0 949.8 -50
Chamber pressure 4,000 2,594 -35.2
Thrust 750,000 486,300 -35.2
. C* 6,182 7,625 +23.3
Isp (vac) 364.4 438.9 +20.4
Expansion ratio 30:1 30:1 0
Throat area 98.86 98.86 0

Figure 3.1.1.16-1. Effect of LOX/LH2 Mixture Ratio Change on Engine Perfomance

In addition, the feasibility of common enginé capability. using an upper stage
engine having the same dimensions/components as this booster engine was assessed.
This engine operates at a mixture ratio of 6 and has a chamber pressure about 2000 psia.
The nozzle skirt has an area ratio of 64 and a nozzle skirt insert provides an area ratio
of 20.

The booster and upper stage engines operate in the parallel burn mode at lift-off.
A drawing of the booster/upper stage engine is shown in figure 3.1.1.16-2. Data tables
for the booster and upper stage engine are given in figures 3.1.1.16-3 and 3.1.1.16-4.
The engine has a single integrated high pressure-low pressure fuel turbopump and dual
integrated high pressure-low pressure oxygen turbopumps. The main fuel turbopump
uses a three-stage pump for 3000 psia chamber pressure and a two-stage pump for 2000
psia chamber pressure. ';;furbine inlet temperatures for all turbines is modest, for

example, 428°F for main oxygen turbopump and 809°F for the main fuel pumps in the

booster engine and at lower temperature in the lower chamber pressure upper stage

engine.
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Thrust (VAC), lbs 671,110

Mixture ratio, o/f 9:1
Chamber pressure, psia 3000
Area ratio 20:1
Area throat, sq. in. 120.4
Diameter throat, in. 12.38
Diameter exit, in. 55.4
Weight flow rate, oxidizer, 1b/sec 1467
Weight flow rate, fuel, Ib/sec 163
Total weight flow, 1b/see 1630
Specifie impulse (VAC), sec 412
Engine dry weight 5915
Engine thrust-to-weight ratio 113
Mixture ratio, oxidizer TPA-PB 190 i
Oxidizer turbine temperature, °F 428
Mixture ratio, fuel, TPA-PB 0.65
Fuel turbine temperature, °F 809
Engine length, in. 81.10

Figure 3.1.1.16-3. Acurex Booster Engine Data

Area ratio 20 64
Thrust (VAC), lbs 501,522 516,889
Mixture ratio, o/f 6 6
Chamber pressure, psia 2250 2250
Area throat, sqg. in. 120.4 120.4
Diameter throat, in. 12.38 12.38
Diameter exit, in. 55.4 99.0
Weight flow rate, oxidizer, 1b/sec 978 978
Weight flow rate, fuel, 1b/sec 163 163
Total weight flow, Ib/sec 1141 1141
Specific impulse (VAC), sec 440 453
Thrust (VAC), lbs 501,522 516,889
Engine dry weight with NSI, lbs 6037 -—
Engine dry weight without NSI, Ibs -— 5575
VAC. thrust-to-weight ratio 83 92.7
Mixture ratio, oxidizer TPA-PB 248 248
Oxidizer turbine temperature, °F 215 215
Mixture ratio, fuel, TPA-PB 0.45 0.45
Fuel turbine temperature, °F ' 426 426
Engine length, in. 160 160

Figure 3.1.1.16-4. Acurex Booster Engine Data
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3.1.2 Single-Stage-to-Orbit Vehicle Analysis

The selected configuration design for a rocket powered, manned single-stage-to-
orbit system is a fully reusable vertical takeoff, horizontal landing concept. A
reference mission of 10,000 Ib. payload delivery to a 100-nmi circular polar orbit from
WTR launch was also selected and the payload bay was sized to accommodate a 15-ft
diameter by 30-ft long payload. A crew size of two was also assumed.

A typical mission for the single-stage-to-orbit vehicle is depicted on figure 3.1.2-1.
The vehicle is first towed horizontally to a facility where the payload is lowered into
the payload bay. The vehicle is then towed to the launch pad, erected to a vertical
position, and checked out for launch. Propellant loading occurs shortly before launch
followed by erew member boarding. After liftoff and insertion into the proper orbit, the
payload is deployed. Upon completion of the orbital mission the vehicle is deorbited and
glides (unpowered) to a runway landing near the launch site for refurbishment prior to a
later flight.

The single-stage-to-orbit vehicle has a forward, tapered fuel tank and an aft LOX
tank (see fig. 3.1.2-1). The area forward of the fuel tank houses the crew compartment,"
a deployable canard (for low-speed stability and control), and the nose landing gear. The
payload bay is located above the LOX tank and near the vehicle center of gravity. The
aft fuselage of the vehicle contains the thrust structure and engine feedlines.

A dry weight factor of 0.75 (25%, reduction in across-the-board component weight
technology availability compared to the corresponding component weight technology
availability level for the two-stage, partially reusable concept discussed previously) was
selected for the SSTO vehicle optimizations. This percentage was conservatively
selected to insure the capability of all options considered to reach orbit using
reasonable, perhaps by year 2000, component weights. The dry weight factor includes

engine weight reductions.
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Figure 3.1.2-1.  Typical Features of a Single-Stage Fully Reusable Launch Vehicle
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The vehicle sensitivity analysis comprises a spectrum of vehicle design conditions
optimized to produce minimum total dry weight for selected values of any of the
following independent variables: |
a. Body diameter.

b. Engine-out liftoff acceleration.
e. Propellant mixture ratio (booster engine).
d. Number of booster engines.

e. Engine expansion ratio (booster engine).

The dependent variables chosen were:
a. Total dry weight.
b. Gross liftoff weight.
. e. Vehicle dry weight.

| d. Ascent propellant weight.
e. Propellant mixture ratio (booster engine).
f. Throttle setting.
g. Propellant mass fraction.
h. Landing weight. -
i. Number of booster engines.
j. Engine vacuum thrust.
k. Engine-out liftoff acceleration.
l. Nominal liftoff acceleration.
m. Booster engine weight.

n. Body diameter.

Note that the list of independent variables is a subset of the list of ‘dependent

. variables. This area arises because a given variable (e.g., body diameter) may be held as
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an independent variable for the development of a sensitivity in which all other variables
are dependent and allowed to "float" to find their optimum value. In addition, other
variables are chosen to be independent, and the given variable then becomes a floating

dependent variable.

3.1.2.1 Baseline Vehicle (Configuration 1.A)

Configuration Description. Figure 3.1.2.1-1 presents a three-view drawing of
configuration 1.A. A summary of configuration features is shown in figure 3.1.2.1-2.
Detailed performance and weight numbers are tabulated in Appendix A-54 through A-55.

Optimization Sensitivities. Because the vehicle was configured only to establish a
point-design solution, using SSMEs for the performance requirement, a detailed
optimization sensitivity analysis v‘vas reserved for the design of the reference vehicle

described in section 3.1.2.2.

3.1.2.2 H2/H2 (Configuration 1.B)

Configuration Description. Figure 3.1.2.2-1 presents a three-view drawing of
configuration 1.B. A summary of configuration features is shown in figure 3.1.2.2-2.
Detailed performance and weight numbers are tabulated in the Appendix A-56 through
A-5T.

Optimization Sensitivities. The optimization constraints on the selected

independent variables were as follows:

a. Body diameter: 24 to 32 ft
b. Engine-out liftoff acceleration: 1.2 to 1.5¢
e. Mixture ratio (booster): 6 to 10

d. [Initial expansion ratio (booster): 30to 70

e. Propellant remaining: 40 to 80%
f. Number of booster engines: 4to8

g- Second expansion ratio (booster): 70 to 150
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Vehicle Features
o Weights e Body
GLOW (Ib) = 1,408,600 L = 6.93
P/L to Space Station (Ib) = 10,000 0
Dry Weight (Ib) = 138,650 D(ft) = 25.0
Propellant Weight (Ib) = 1,235,000  Suody flap (ft}) = 200
-LO,(b) = 1,058,400 )
~LHy (Ib) = zease [°W
Inert Weight (Ib) = 162,270 Sret (F22) = 2.367
- 0.883 R = 1.91
1= 0.12
e Engines tc= 11%
Type = LOX/LH, Shaperans (Ft7) = 473
Number = 5
Thrust (vacuum, each) (Ib) = 508,120 | ® Fins
MR = 6.00 Se (ft?) (ea) = 14
Pc(psia)= 3270 R 1.39
I = 448 A= 0.55
d (lﬂ) - 90 /(3 11%
D naczie exit - (1% POsition) (in) = 75.6 Seudder (ft?) (e2) = 343
e (1t position) = . 55 o Cannards
Dm,",if ,.(Z"d Position) (in) =  125.0 5, (F2) = 103
g (2™ position) = 150 AR = 4.00
e Crew Accomdations A= 1.00
Crew = 2 ve = 15%
ECS = Shirt Sleeve Setevons (ft?) (ea) = 309
LBS VALUE
TOTAL DRY WEIGHT 141020.00
GROSS LIFT OFF WEIGHT " 1460000.00
BODY WEIGHT : 83074.00
GROWTH VEIGHT 7278.70
INERT WEIGHT 165410.00
EQUIPMENT WEIGHT . 12339.00
TANK MOUNT WEIGHT 846.34
STRUCTURAL WALL WEIGHT 61537.00
APU PROPELLANT VEIGHT 2913.20
LANDING WEIGHT 144810.00
LANDING GEAR WEIGHT 4407.70
CANARD VEIGHT 1966.50
WING WEIGHT 24193.00
VEIGHT OF REENTRY INSULATION TILES 9702.30
PAYLOAD VEIGHT 10000.00
PAYLOAD BAY WEIGHT 6704.40
Figure 3.1.2.1-2. Summary of Configuration Features for Configuration 1.A .
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Vehicle Features .
e Weights - e Body
GLOW (Ib) = 1,277,100 € = 6.93
P/ to Space Station (Ib) = 10,000 D
Dry Weight(lb) = 112,470 D(ft) = 24.0
Propeliant Weight (b} = 1,133,000 Shody fiap (ft?) = 192
-LO, (1) = 1.001.000 T
-LHy(Ib) = 131,710 'n3
) Sret (ft2) = 1,924
Inert Weight (Ib) = 133,070 191
Ve 0.894 R = :
1= 0.12
® Engines t/c = . 11%
Type = LOXLH, Stiaperons (ftd) = 385
Number = S -
Thrust (vacuum, each) (Ib) = 415,290 ¢ Fins
MR = 7.60 S¢ (ft2) (ea) = 101
Pc (psia) = 4,000 AR = 139
I = 425 1= 0.55
doowerhesd (i) = 86 e = 1%
D nozzie exit - {1 POsition) (in) = 52.6 Srudder (ft2) (ea) = 303
¢ (13t Position) = N . 30 e Cannards
o] no::,, exit ,‘(2"4 Position) (in) = 96.2 §,, (Ft2) = 84
g (2rd Position) = 100 R = .00
e Crew Accomdations = 1.00
Crew = 2 e = 15%
ECS = Shirt Sleeve Setevons (ft?) (ea) = 25.1

Figure 3.1.2.2-2 Summary of Configuration Features for Configuration 1.B

Detailed sensitivity analyses for a fixed mixture ratio engine are discussed below
based on the curves shown in the Appendix B-290 through B-317.

Body Diameter. Total dry weight is a classie "bucket" function minimizing at 25 ft,
with appreciable sensitivity over the range of variation. No breakpoints are evident and
most curves show appreciable sensitivity. Propellant mass fraction is relatively
insensitive. Throttle setting optimized at approximately 91.45%, second nozzle
expansion ratio at its lower limit (70:1), engine-out liftoff acceleration at its lower limit
(1.2g), and nominal liftoff acceleration at approximately 1.477g over the range of

variation (Appendix B-290 through B-293).

110



Engine-out Liftoff Acceleration. Total dry weight minimizes in the range 1.26 to
1.30g, with appreciable sensitivity over the range of variation. No breakpoints are
apparent. Propellant remaining and propellant mass fraction are relatively insensitive.
Throttle setting optimized at approximately 91.43% and second expansion ratio at its
lower limit (70:1) over the range of variation (Appendix B-294 through B-297).

Mixture Ratio. Total dry weight minimizes in the range 6.9 to 7.4, with appreciable
sensitivity over the range of variation. Two very minor breakpoints occur at
approximately 7.8 and 8.7, where the former is associated with breaking free from the
lower limit on body diameter and the latter is associated with reaching the lower limit
on initial expansion ratio. Throttle setting optimized at approximately 91.4%, engine-
out liftoff acceleration at its lower limit (1.2g), nominal liftoff acceleration at
approximately 1.477g, and second expansion ratio at its lower limit (70:1) over the range
of variation (Appendix B-298 through B-301).

Initial Expansion Ratio. Total dry weight minimizes near an expansion ratio of
43:1, but is relatively insensitive over the range of variation. No breakpoints are
evident. Propellant mass fraction is relatively insensitive. Throttle setting optimized
at approximately 91.4%, engine-out liftoff acceleration at its lower limit (1.2g), nominal
liftoff acceleration at approximately 1.477g, body diameter at its lower limit (24 ft),
and second expansion ratio at its lower limit (70:1) over the range of variation (Appendix
B-302 through B-305).

Propellant Remaining. Total dry weight minimizes at the upper limit of 80%, with
moderate sensitivity over the range of interest. A breakpoint occurs at approximately
75.5%, associated with breaking free from the lower limit on engine-out acceleration
and with breaking free from the lower limit on engine-out acceleration and wifh
breaking free from the lower limit on body diameter. Propellant mass fraction is

relatively insensitive. Throttle setting optimized at approximately 91.4%, nominal
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liftoff acceleration at approximately 1.477g, and second expansion ratio at its lower
limit (70:1) over the range of variation (Appendix B-306 through B-309).

Number of Booster Engines. Total dry weight minimizes at five engines, with
appreciable sensitivity over the range of variation. Two major breakpoints occur, at 4.9
and 5.8 engines (fractional engines are.artifacts of the continuous-function algorithm
used in the optimization program). The former is associated with breaking free from
the lower limit on initial expansion ratio. The second is associated with abruptly
breaking free from the lower limit on engine-out liftoff acceleration. Propellant mass
fraction is relatively insensitive. Throttle setting optimized at approximately 91.4%,
nominal liftoff acceleration at approximately 1.477g, and second expansion ratio at its
lower limit (70:1) over the range of variation (Appendix B-310 through B-313).

Second Expansion Ratio. Total dry weight minimizes at an expansion ratio of 140:1,
with moderate sensitivity over the range of variation. No breakpoints occur. Initial
propellant mixture ratio, propellant remaining, and propellant mass fraction are
relatively insensitive. Throttle setting optimized at approximately 91.44%, engine-out
liftoff acceleration at its lower limit (1.2g), nominal liftoff jacceleration of
approximately 1.4765g, and body diameter at its lower limit (24 ft) over the range of

variation (Appendix B-314 through B-317).

3.1.2.3 SSTO Dry Weight Optimization

The optimized SSTO configurations for total dry weight are shown in figure
3.1.2.3-1. Figure 3.1.2.3-2 compares the hydrocarbon configurations to an optimized,
for minimum dry weight, LOX/LHg configuration. The hydrocarbon configurations show
up to a 5% reduction in dry weight over the optimized LOX/LH2 configuration. The
improved propellant bulk density of the hydrocarbons improve both the dry weight and

GLOW for methane and subcooled propane. All vehicles used LH2 engine cooling.
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OF POOR QUALITY

Figure 3.1.2.3-1

Single-Stage Optimized Results

Configuration 1A 1.3 1c 10 * 15 Acsex
Fuel LH, LHy RP-1 Methane SCPropane My
Coolant Ty LHy LH, ' LHy [T [T
Mixture Ratio 6.0 1.5 3.03 4.19 3.5% 9.6
. {Number of Main Engines ] H an am FiLl 3

Main Engines 504,120 381,440 338240 280,622 279,670 15570
Vac Thrust {Ib) -

Vacuum isp - sec 443 415 n2 329 EiY) 420453
Boaster Pc (psia) 3270 4,000 4,000 4,300 4,000 3,000/2.250
Expansion Ratio $5/150 307100 152 1542 15 20/64
Propeliant Remaining @ WA NA 30% 31% 2% WA
Main Engine Cutoff

Main Engine Total Thrust 23 25 82 36 Not Done Not Oone
Range Ratio

SSME Engine Total Thrust N/A NA A1 a9 Not Done NA
Range Ratio

Inert Weight Factor Js 75 Js J5 75 J5
Dry Weight 141,020 104,650 102,080 100,040 99,216 103,460
Propeilant 1,283,000 1,062,300 1,130,300 1,039,200 1,029,400 1,092,400
Glow 1,460,000 1,119,750 1,263,600 1,168,200 1,157,400 1,226,700
{1) Plus 3 SSME Engines.
(2) Initial Expansion Ratio 55 changad to 150 on SSME Engines.

AN,

\

3 DRY WEIGHT
GLOW

Dry Weight Factor 0.75

J Uw Uwu

Figure 3.1.2.3-2
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3.1.2.4 RP-1/Hg (Configuration 1.C)
Detailed performance and weight numbers are tabulated in the Appendix A-58
through A-59. The improvement in total dry weight using LOX/RP-1 booster propellant

is about 2% percent less than for the all LOX/LH9 propellant vehicle.

3.1.2.5 Methane/H2 (Configuration 1.D)
Detailed performance and weight numbers are tabulated in the Appendix A-60
through A-61. The improvement in total dry weight using LOX/methane booster

propellant is about 4.4 percent less than for the all LOX/LH2 propellant vehicle.

3.1.2.6 SC Propane/H2 (Configuration 1.E)
Detailed performance and weight numbers are tabulated in the Appendix A-62

through A-63. The improvement in total dry weight using LOX/SC propane booster
propellant is about 5.2 percent less than for the all LOX/LH2 propellant vehicle. The

improved bulk density of the SC propane shows some benefit in total dry weight over the

other propellant combinations.

3.1.2.7 LOX/LH2 Using Acurex Engine Data

Detailed performance and weight numbers are tabulated in the Appendix A-64
through A~65. The detailed Acurex engine data is presented and discussed in section
3.3. The improvement in total dry weight using the Acurex engine configuration is

about 1 percent less in dry weight than the Aerojet powered (configuration 2.B) vehicle.

3.1.2.8 Single-stage LOX/LH2 Variable Mixture Ratio Impact

Allowing the mixture ratio to change duiing the ascent of the LOX/LHg2 SSTO
vehicle was found to generate a minimum dry weight system. Liftoff mixture ratio
optimized at 8.4:1 and second mixture ratio optimized at about 7.5:1. The optimum

mixture ratio change occurred at 52% of the propellant remaining in the vehicle.
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However, the optimized variable mixture ratio system is less than 2% lighter in dry
weight that a fixed mixture ratio system optimized at 7.6, assuming the gas generator

engine performance levels used for this part of the study.

3.1.2.9 Single-stage LOX/LHg Variable Expansion Ratio Impact

The all LOX/LH2 SSTO vehicle optimized at a liftoff expansion ratio of 30:1 and
the second expansion ratio in 100:1 (propellant remaining in the SSTO vehicle at
expansion ratio changed at 72% of the total vehicle quantity).

The LH2 plus hydrocarbon fueled SSTO used an expansion ratio on the LOX/LH2
engines of 55:1 at liftoff, changing to 100:1 later in the trajectory. All the hydrocarbon

engines optimized at the lowest expansion ratio (15:1) to minimize system dry weight.

3.1.2.10 SSTO Computer Model Comparison

The Boeing SSTO model results for LOX/LH2 was compared to Reference 4 study
(fig. 3.1.2.10-1). Different payloads, orbit inclination, and other assumptions between
the two models required that both results be normalized for direct comparison. A fair
agreement exists between the two models with Boeing's model being the more
conservative of the two in dry weight determination. This comparison enhanced
confidence in the effectiveness of the Boeing developed model for SSTO vehicle

optimization analysis and prediction of realistic vehicle characteristics.

3.1.3 Summary of Related Vehicle Analysis Conducted on IR&D Funding

The contract SSTO analysis scope required that the vehicle option optimizations be
conducted on the basis of dry weight minimization. The results obtained, as discussed
above, thus pertain to highly efficient SSTO vehicle concepts having a polar LEO
payload to GLOW ratio of almost 1%. This would be a remarkable achievement for én

SSTO vehicle. For example, the current partially expendable, multi-stage (these factors
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decrease vehicle weight) Space Shuttle has a polar LEO payload ‘0 GLOW ratio of only
about 1/2% (partly because it uses mostly early 1970's component weight technology
levels). To obtain such high effectiveness the above discussed SSTO vehicle require

about a 25% across-the-board reduction relative to ALS vintage weights for a partially

reusable two-stage vehicle (including engine weights).

2.3
(Aerojet Engine Data at 4000 PSIA Chamber Prassura)
=247
. .%’ ® ~ Boeing Resuits o
- t
= ® -~ Refaerence 4 Results //
g 2.0+ P
Bl
, @
‘ N 1.6+
{ =
£
1
Z 1.2
z e
0.8
6 7 8 9 1Q 11 . 12

Mixture Ratio

Figure 3.1.2.10-1 Boeing Normalized LOX/LH9 SSTO Study Resuits Compared to
NASA Normalized Study Results

Since the cost of achieving such considerable weight reductions may not be
affordable, and/or may require very lengthy development schedule, Boeing performed on
IR&D funding, beyond the above discussed contract scope, an alternative type of SSTO
vehicle optimization, namely minimizing the impact on required SSTO vehicle dry
weight factor (rather than minimizing dry weight itself). To date, this continuing study

-

| has resulted in the following key findings:
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a. By increasing allowable weight and propellant weight sufficiently, in econjunction
with using several identical two-position nozzle LOX/LH3 engines having a single
moderately high mixture. ratio, (about 7.5:1), an across-the-board component dry
weight factor of about 1.0 can be obtained for payload delivery to Polar LEO. This
dry weight factor is equivalent to currently projected ALS vintage component
weight technology level for a two stage partially reusable launch vehiele (mid
1990's availability).

b. For a payload of 10k Ib to 100 x 100 nmi polar LEO a vehicle GLOW of about 4
million 1b is required to allow a dry weight factor of 1 if LOX/LH32 propellant is

used (slightly lower GLOW allowable for a LOX/methane/LH2 cooled vehicle).

¢. The resulting manned, all-rocket, vertical lift-off SSTO vehicle is relatively simple
and small (even at a GLOW OF 4 million 1b) compared in a manned, horizontal take-
off, airbreather/rocket SSTO vehicle sized for the same payload delivery capability.
Further, development risk would be greatly reduced since the required component
weight technology levels could be readily achieved by the mid 1990's using

reasonable extension of today's levels.

Figure 3.1.3-1 presents a preliminary plot of dry w.eight factor versus GLOW for
LOX/LH2 and LOX/CH4/LHg SSTO vehicle concepts sized for delivery of a 10K 1b
payload to 100 x 100 nmi polar LEO. Like the SSTO vehicle studies conducted under
contract funding, these concepts also have engine-out mission completion capability
(one engine-out at any point in the launch trajectory, including at lift-off). These
curves indicate about how much the dry weight of the two different types of SSTO

vehicles (Figures 3.1.3-2 and 3.1.3-3) could be reduced to allow lower GLOW levels.
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Another key IR&D finding was that the development of a new high thrust engine
such as required for the 4 million lb GLOW SSTO vehicle discussed above (é engines, of 1
million 1b lift-off thrust each required for engine-out capability) might benefit not only
a new SSTO manned access to the Space Station vehicle, but also enable modular
adaptability to a wide range of launch vehicle requirements (Figure 3.1.3.-4). In this »
example, multiple redundant pumps are used on each engine for "pump-out” rather than
complete engine-out capability. Thus, the required number of vehicle engines. is reduced.
Multiple use of the main modular component depicted (tankage/engine) permits
manufacturing economies, such that even a partially reusable manned access for the
Space Station vehicle might be cost effective. This partiaily reusable, manned vehiéle
would be muech smaller and lighter than an SSTO vehicle having the same payload

. capability and weights technology levels. Thus it would have a significantly lower

development cost. Like all the vehicle adaptations shown on Figure 3.1.3-4, only the
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center ("core") engine need gimbai. Otherwise the engines could be virtually identical,
except for possible reduce:i—cooling provision of those engines on the strap-on tankage
(having a shorter burn-time than the core engine). Such studies are on-going to drive-
out the required characteristics of the "best-compromise" type of new engine needed to

adapt to a broad range of potential mission requirements.
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Figure 3.1.3-¢ Modular Adaptable LOX/LH2 Launch Vehiele Concept
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3.2 SUBCOOLED PROPANE IMPACT

The use of subeooled (SC) propane fuel propellant has been shown to be potentially
advantageous for a single-stage-to-orbit (SSTO) vehicle. Near-boiling-point (NBP)
propane is assumed to be available as a stock material from which to obtain SC propane.
Liquid oxygen (LOX), to be used as the oxidizer, would be held at 90K in the vehicle. It
is therefore reasonable to consider subcooling the propane to about 30K to 91K as well.

This study task examined ways to achieve the subcooled propane state, various
methods of maintaining propellant condition on board, and means to transfer, store, and
otherwise manage the propane supply at the launch site. The results of this study task
include an identification and sizing of the propane-related Government-supplied
equipment (GSE) as well as a rough order of magnitude (ROM) cost estimate.

This study task found that an LN9g-refrigerated counterflow heat exchanger will
provide a relatively economical, rapid, safe chilldown process to achieve the subcooled
propane. Propane viscosity at 91K is close to that of kerosene (or RP-1), so either pump
or differential pressure transfer systems can be used. The pump transfer system is
recommended because it does not require the generation of large quantities of
pressurant gases. |

Onboard propellant conditioning, i.e., temperature control and prevention of
thermal stratification, is proposed to be accomplished by a ground-based recirculating
chiller, using the same LN2 system as was initially used for refrigeration of the propane.

Subeooling to the proposed temperature of 91K increases propane density by about
33% over NBP propane. It also reduces vapor pressure to a negligible value. Higher
density means & smaller propellant tank and low vapor pressure improves the ability to
pump propane bhecause cavitation tendency is reduced. The low vapor pressure does
require special provisions to maintain tank ullage pressure for tankage not designed to

withstand vacuum-induced loads.
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The system was sized to accommodate a 48-hr vehicle turnaround time. This
scenario permitted a nominal fuel tank loading time of 4 hr (i.e., 100,000 1b/hr). , .

Rough order of magnitude (ROM) cost for a facility system to provide a propane |
fuel propellant load of 400,000 lb, prechilled, and to maintain onboard propellant

condition is approximately $5.0 to $5.5 million (see fig. 3.2-1).

ITEM . ROM COST
Cryogenic tankage $640,000
Pressure and purge Qas supply 389,000
Propellant chilling systenm 200,000
Vacuum~jacketed piping . 540,000
Buildings and other civil works 270,000
| Launch pad plumbing, umbilical, etc. 150,000
Architect fees and construction/installation

labor 2,720,000 .
Miscellaneous unpriced items and contingency 360,000
ROM Total $5,260,000

Figure 3.2-1 ROM Cost Estimate Summary

3.2.1 Propane Physical Properties

Commercial propane is a commonly used hydrocarbon for industrial feed stocks as
well as for a variety of household uses. A useful feature of propane is that it is liquid at
room temperature under moderate pressures (i.e., 40 to S0 psig), and vaporizes by
ambient heat to provide a convenient supply of gaseous fuel.

In spite of propane's widespread private and industrial use, relatively little work has

been reported with respect to subcooled propane. One reason is that the temperature
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range over which propane exists as a liquid is very wide, and it is typically stored at
ambient temperatures. A large amount of heat has to be removed to bring propane to
its freezing point of -306.7°F (85K). A second reasén is that propane vapor pressure
falls below atmospheric pressure at -43.73°F (231K). At lower temperatures, a tank
ullage pressurant is necessary to avoid an ullage vacuum, which could cause in-leakage
of contaminants or cause the collapse of the vehicle tank. Figure 3.2.1-1 lists useful
characteristics of propane. (See also fig. 3.2.1-2 through 3.2.1-6.) These properties

were used in the work reported in the sections to follow.

3.2.2 Subecooling Propellants
Typical processes for subcooling liquid propellants include:
a. Helium bubbling.
b. Hydrogen bubbling.
¢. Vacuum-induced boiling.
d. Nitrogen heat exchanger.
e. Turbo expansion.
f. Joule-Thompson effect.

g. Combination.

A specific amount of prior work relates to subeooling and slushing of fuels such as
methane and hydrogen. Two approaches predominate. One is self-cooling by vacuum-
induced boiling, another is by the bubbling of a cold gas such as helium through the
liquid. Of these, the vacuum-induced method is preferred. The gas bubbling method
tends to induce gas absorption into the liquid being chilled. Also, -as the liquid
approaches freezing temperatures, ice shells tend to form around the bubble columhs,
restrieting free contact between the cold gas and the liquid. Solubility of the chill gases

in the liquid is a drawback because the amount of foreign gas in solution may vary with
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Density of liquid at 86°F, 1b/ft> 30.37
Specific volume of saturated vapor at 5°F,

1b/£t> 2.44
Specific heat of liquid at 86°F, Btu/1b°F 0.65
Specific hgat ratio'(cp/cv) of vapor at 86°F and

one atmospheric pressure 1.14
Vapor pressure at triple point, mm Hg 0.0000546
Thermal conductivity, (Btu-ft)/(f£t2.hr.°F)

Saturated liquid at NBT . 0.076
Saturated liquid at 5°F 0.065
Saturated liquid at 86°F 0.056
Vapor at saturation pressure at NBT 0.00625
Vapor at saturation pressure at 5°F 0.0082
Vapor at one atmosphere pressure at 86°F v.0107

Viscosity, Centipoises:

Saturated liquid at NBT 0.210
Saturated liquid at 5°F 0.161
Saturated liquid at 86°F 0.101
Vapor at saturation pressure at NBT 0.0062
Vapor at saturation pressure at 5°F 0.00712
Vapor at one atmosphere pressure at 86°F 0.0082
Color Clear and Water White
Flammability limits (Vol. % in air) 2.3 to 7.3
foxicity, Underwriters' Laboratories classification Group 5b

Figure 3.2.1-1 Propane Properties
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Figure 3.2.1-6 Propane Vapor Versus Temperature

time, pressure, temperature, ete., resulting in a propellant with unknown
characteristies. . Another drawback is that special equipment is needed to produce the
cold gas in the first place. Figures 3.2.2-1, 3.2.2-2, and 3.2.2-3 show solubility
characteristies of helium, hydrogen, and nitrogen in subcooled propane.

In prior work, the vacuum-inﬁuced boiling was found to produce more uniform
chilldown of the liquid and avoided the gas absorption problem altogether.
Unfortunately, neither approach is suitable for propane. Vacuum-induced boiling is an
ineffective way to subcool propane because of the rapid reduction of propane vaéor
pressure as its temperature is lowered (fig. 3.2.2-1). At the desired 90 to 91K
temperature, propane vapor pressure is only about 0.00005 in Hg. A large

unconventional vacuum pumping system would be needed to sustain propane boiling at a
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rate that could induce phase change of enough propane to achieve rapid temperature
reduction. Gas bubbling would require the use of helium, hydrogen, or nitrogen to
achieve the desired temperature. Helium is expensive; hydrogen could be used, but is
also relatively expensive. Nitrogen may be quite soluble in very cold propane, so it
would tend to degrade performance. A further drawback of the gas bubbling method
using GHe or GH9 is that expensive refrigeration is required to chill/liquefy these gases
for use in the first place.

Subecooling can be achieved by use of a chilling fluid such as LN2. When large
amounts of heat need to be removed relatively rapidly, the use of LN2 is well-suited.
LN9 is produced in large quantities by large air liquefaction plants. Central plant
production reduces LNg refrigeration costs substantially below the cost of onsite
refrigeration systems sized for equivalent refrigeration when only intermittent

refrigeration is needed, as in this case.
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3.2.2.1 Subecooling Propane with LNg
One practical way to subeool propane is with a simple LN9/GN2 to propane heat

exchanger shown schematieally in figure 3.2.2.1-1. Operatiné in a counterflow mode the
LN9 in the heat exchanger vaporizes at 77K (-321°F) and effectively chills the incoming
propane. A heat balance shows that approximately 0.5 to 0.6 b LN2 per pound of
propane is required to chill the propane to 91K. The nitrogen could be recovered for
reuse. However, the cost of a recovery system and reliquefaction facility is not

warranted in view of the low initial ecost of LN2. Note that GHe is so costly, that

helium recovery systems are often justifiable on a cost basis.

Warm GN2 out
— h

Ambient propane in

e
!

T T T T T T T T T T T Ty

b e
T

T I L T T T Ty

A 4 / LN2 in

R L A A - .
Chilled propane out

A <o

LS

Section A-A

Figure 3.2.2.1-1 Schematic Counterflow Tube-in-Tube Heat Exchanger

3.2.2.1.1 Cost of Chilling the Propane
At Kennedy Space Center, LN2 is delivered on-site at about $80.00 per ton, i.e.,

$.04/1b. The approximate cost of LN9 for initially chilling 400,000 Ib. of propane woulc

be:
1b I..N2 $0.04

x = $9600.00
b Csh8 Ib LN,

400,000 b C:’H8 x 0.6

130




The simplicity, reliability, and safety of this approach, combined with modest cost,

make it a prime candidate.

3.2.2.1.2 When to Chill the Propane
| A further consideration is when to chill the propane. One option is to chill the
propane upon its arrival on the site and store the cold propane in an appropriate dewar
until time for use. This approach avoids the need for large high pressure tanks used to
store ambient temperature propane. The alternative is to chill the propane while it is
being loaded onto the vehiecle. This second approach avoids the need for extended
storage of the propane at cyrogenic temperatures. Figures 3.2.2.1.2-1 and 3.2.2.1.2-2
list the pros and cons of the two options.

Overall, it is concluded that chilling the propane on arrival at the site, and storing
it cold in a conventional cryogenic storage dewar provides the most practical system. It
requires the least equipment, and represents the least likelihood of interference with

launch operations.

3.2.2.1.3 Conditioning Onboard Propellant

The purpose of conditioning onboard propellants is to maintain the planned
propellant temperature and avoid temperature stratification. This is to assure that the
planned density of propellant has been loaded, and to obtain the desired engine operating
conditions. It is also to assure that the right total mass of propellants has been loaded
so that minimum propellant residual can be achieved at burnout.

Conventional propellant conditioning is achieved by recirculating a flow of
propellant from the vehicle to a GSE chiller and back to the vehicle. For this stﬁdy
other alternatives were considered as well. The propane temperature proposed (91K) is
close to the LOX temperature, i.e., 90K. LOX boil-off vapor could be one means of

keeping the propane cold. A tankage system having a "common bulkhead" with an inert
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heat transfer medium sandwiched to assure positive separation of propellants, may also
be considered. The basic problem of using the LOX to keep the propane cold is that the
1K AT available is not enough to produce significant heat transfer between the two
propellants. Also the need for 1°elative13"v close proximity of the two propellants raises
questions concerning safety assurance.

A second generie approach is to provide onboard nitrogen-cooled heat exchangers.
This system could be used to keep both the LOX and the propane cold by plumbing inert
LN92 on board and allowing it to flash off in tank-mounted heaf exchangers. One
advantage of this approach is that it does not require propellant recirculation. Also, .
refrigerant leaks are benign, and relatively smalil flows are adequate since the heat of
vaporization of the LN9 is available to chill the propellants. The limitation of this
option is that it does not prevent propellant stratification and may even increase it,
unless some type of in-tank stirring devices are installed.

Other investigators considering subcooled propane conditioning héve suggested the
solution of bubbling cold helium through aspirator-like devices in the bottom of the
tank. This would require availability of significant quantities of cold helium which
would be expensive. Nitrogen might be substituted, however, its solubility in ecold
propane could be high enough to impaet performance and so would be unacceptable.
(Note that GN2 is not suitable as a tank ullage pressurant for subcooled propane for the
same reason.)

It is concluded that the conventional approach of recirculating a flow stream of
propellant (approximately 100 to 150 gpm) from the vehicle to a GSE chiller using LNg,
is a practical effective means to provide thermal conditioning of the onboard propellant.

Insulation is a consideration for the vehicle propane tank. Insulation representé a
weight penalty for the vehicle. However, it can prevent buildup of frost and ice. It also
reduces the rate of recirculation required to maintain the propane at 91K. A tank with

insulation similar to the Space Shuttle external tank has a heat leak of approximately
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77.2 Btu/ft2/hr compared to a frosted Atlas LOX tank at 200 Btu/ft2/hr. The insulated .

tank requires the recirculation of approximately 100 gpm. If the tank were left
uninsulated the required recirculation rate would be about 450 gpm which approaches

‘the flow rate contemplated for routine loading or off-loading operations.

3.2.3 Storing and Handling Subcooled Propane

3.2.3.1 Storage Options

Subcooled propane is in the temperature range of NBP LOX and LN2. Storage
considerations are therefore largely the same, i.e., vacuum jacketed cryogenic storage
tanks with valves, fittings and the like designed for eryogenic service. One notable
difference of propane is that, unlike LOX and LNg, its vapor pressure is extremely low
(.00005 in Hg). A tank ullage pressure system woul.d be required for safety unless the

inner tank is designed to withstand full vacuum. As previously mentioned, GN2 is not a

suitable ullage pressurant. GHe or GHg are both suitable pressurant gases. Since it is
likely that LH9 will be on-site if not actually on the vehicle, GH2 is a logical pressurant
to use. In flight GHg any be able to be delivered at elevated temperature by the engine
to minimize pressurant mass in the vehicle propane tank at shutdown.

A second difference is that while LOX and LN¢ storage temperatures can be
| maintained by the simple expedient of venting the storage tanks to atmosphere, the
propane will require refrigeration while in storage. An approximation of the
refrigeration required can be obtained by noting that well-designed cryogenic storage
tanks when full lose approximately 0.5% per day of their liquid to venting. A 80,000
gallon LN9 dewar would then vent away about 400 gallonr to absorb the in-leak of heat.
Using an LNg chiller to refrigerate a propane tank would be expected to require about
the same amount of LNg, since the heat in-leak to a propane tank at 91K would be

virtually identical to the LNg tank.

134



Assuming LNg to be available at $.04/1b, LN2 would cost on the order of $95 to
$100 per day to maintain the propane at the desired 91K. This is a very nominal cost

compared to other alternatives.
3.2.3.2 Transfer of Propane

3.2.3.2.1 Transfer Alternatives

Transfer methods considered were differential pressure transfer and pumped
transfer. The recirculation mode of conditioning the onboard propellants requires a
pumped transfer system. Further, the pressure transfer approach uses relatively large
quantities of hydrog'eﬁ or helium gas, and would tend to need larger line sizes than the
pumped transfer system. The pumped transfer system design can more easily
accommodate extensions in the design length of facility lines, and permits the use of a
lower design working pressures for the storége tank. For these reasons the pumped

transfer system is preferred.

3.2.3.2.2 Pump Type

Propane viscosity varies significantly with temperature (see fig. 3.2.1-4). At 91K it
has a viscosity approximately that of kerosene, which is not high enough to be a major
factor in selecting pumping equipment. However, conventional centrifugal pumps for
handling distillates, diesel fuels, kerosenes and the like are not directly suitable because
many of the normal materials are not suited to the cold temperatures. Instead,
conventional centrifugal eryogenic pumps such as for LOX and LNg will be more suited

to this service. Such pumps are stock items for eryogenic equipment suppliers.
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3.2.3.2.3 Prechill of Transfer System and Vehicle Tank

It will be desirable to prechill the pumps, valves, fill lines and vehicle tank with
cold GN9/LN¢9 prior to introducing the propane. The nitrogen can be safely vented and
will serve to inert the system. The residual GN2 would then be purged by GHg, after
which the subcooled propane flow would be initiated. By this sequence the fill system
thermal transients are reduced, cryogenic flow phenomena such as surging, geysering,
and water hammer caused by vapor cavity collapse will be avoided, and the GHg will

serve as the ullage gas pressure in the vehicle tank while filling.

3.2.3.2.4 Handling Safety

Routine practice for safe handling of other cryogens will apply to subcooled
propane as well. There is one area of difference worth noting. A leak or small spill of
LOX, LN9, or LH2 flashes to vapor quickly, producing a vapor cloud which disperses
relatively soon. (Although care must be exercised with respect to local pooling or
streaming of cold GOX.) A leak or spill of subcooled propane, however will not vaporize
until significant warming has occurred. Leaks may, theréfore, be less visible and
pooling of quantities of subcooled propane may ocecur.

A major spill of subcooled propane will also represent a new situation which should
be evaluated further. Flowing like kerosene, the subcooled propane could inundate large
areas of a facility floor, or containment barrier before evaporating into
combustible/explosive vapors that are heavier than air and thus would tend to settle in
low places causing a further safety hazard. Once ignited, a large pool of subeooled
propane would begin to vaporize at an increasing rate to feed a fire of increasing size
and intensity. Probably no other cryoger poses this unique safety issue to the degree

presented by subcooled propane.
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3.2.4 Ground Support Equipment System Definition
This section uses the foregoing considerations to define and size a system for the

requirements listed in section 3.2.4.1.

3.2.4.1 System Requirements

The following requirements were used as & basis for system definition:

Item _ Description
Launch site: Cape Kennedy
Liquid propane: Available on-site at 233K
Quantity loaded: 400,000 1b
Propane tank size: 12 ft diameter
Tank ends: Hemispherical
Propane tank elevation: 150 ft above pad
Launch hold durations: Upto 12 hr
LOX tank: Located aft at 90°K
General launch scenario: TBD, assume 48 hr turnaround from an

aborted launch

Vehicle dimensional assumptions: See figure 3.2.4.1-1

On the basis of the above and figure 3.2.4.1-2, Baseline Vehicle Loading Sequence
and figure 3.2.4.1-3, Launch Abort Turnaround, scenarios were assumed for purpose of
aiding the selection of fill rates for transfer system sizing. Vehicle loading or
offloading rates resulting in a 2 to 4 hr period to complete propellant transfer appears
reasonable, implying net flow rates of 300-600 gpm. Such time periods are also ldng
enough for approaching thermal equilibrium in the tankage structure and vehicle
plumbing. These rates also are close to that required for recirculation to condition the

onboard propellant. As a result the same systems would be used. Vacuum-jacketed 4 in
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Operation Time % Load Loading Quantity
(min) rate (gpm) (gal)
LNZ/GH2 Prechill
of lines and
vehicle tankage 15 -0- NA -0-
Cover gas purge and
recharge, GH, 10 -0- NA -0~
Slow £il1l, CSHB 10 1.5 100 1,000
Fast £il1l, C3H8 105 97.0 600 63,000
Slow £ill, CBHB 10 1.5 100 1,000
Total 150 \ 65,000
Recycle as 0 Tmm———- 100-300 NA

required

Figure 3.2.4.1-2 Baseline Vehicle Loading Sequence
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Item Description

General launch abort scenario: 48 Hour Turnaround

Abort launch Start

Secure facility 4 hrs

offload propellant 4 hrs

Corrective actions 24 hrs

Countdown tg propellant load 8 hrs

Load propellant(s) 4 hrs

Complete countdowwn 4 hrs

Launch _ End
Turnaround time 48 hrs

Figure 3.2.4.1-3 Launch Abort Turnaround Scenario (Typical)
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lines would be the minimum size considered for a 1500 ft run to the vehicle. A 6 in line
size appears more suitable, and is recommended for the baseline design, because it
allows greater variation in final choices of line length and loading rates.

The abort scenario also requires the local availability of an 80,000 to 100,000 gallon
capacity dewar to receive the cold propane from the vehicle following the abort
decision. This requirement supports the concept of chilling the propane upon arrival at
the site and storing it in the pre-load GSE tankage. This same tankage would then also
serve as the off-load receiver in the case of a launch abort.

3.2.4.2 System Concepts, Options, and Selections

3.2.4.2.1 Baseline System

Because of its simplicity, safety and low cost, the use of LN2 to chill and condition
the propane has been selected as the baseline approach. Figure 3.2.4.2.1-1 pictorial

presents a sketch of the subcooled propane chill and transfer facility.

Figure 3.2.4.2.1-~1 Subcooled Propane Chill and Transfer
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The facility has two 80,000 gallon cryogenic tanks for propane, a 20,000 gallon
cryogenic tank for LN2, and a propane chilldown/transfer building; Vacuum-jacketed
transfer lines interconnect to the storage tankage for loading and offloading of the
vehicle. All pumping and chilling equipment except for the vehicle off-load pump is
located within the building. Bottle banks for high pressure helium gas and high pressure
hydrogen gas are provided. GN9 is assumed to be available from a pipeline, but a small
local high pressure bottle supply is also provided as a safety measure. The vehicle off-

load pump, which also serves as the recirculating boost pump, is located at the launch

pad.

Dual propane tankage is provided to permit the receipt and chilling of fresh propane
to proceed uninterrupted in the event of a launch abort which could require the off-
loading and te;nporary storing/conditioning of approximately 70,000 gallons of chilled
propane. Storage is also provided for 20,000 gallons (two tanker loads) of LN2, to
provide a degree of flexibility in receiving and use of LN2. The LNg storage permits the
off-loading of a tanker in the event of a delay in propane chilling. The LN2 storage also
permits uninterrupted chilling of propane in the event of delays in LN2 deliveries and
provides the LN2 needed for onboard conditioning of the loaded propellant. However,
during all normal operations, LN2 tankers would be scheduled in accordance with
operational needs, because of the low cost and flexibility of delivery quantities.

As mentioned previously an alternative to storing the propane cold, would be to
store the incoming propane at ambient temperature in conventional high<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>